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PREFACE  TO  VOLUMES  II  AND  III. 

The  salient  features  of  the  purpose  and.  plan  of  this  work  were 
set  forth  in  the  preface  to  Volume  I,  published  two  years  ago.  The 
subject  of  that  volume,  Geological  Processes  and  their  Results,  is 
sufficiently  distinct  from  the  theme  of  these  volumes,  The  History 
of  the  Earth,  to  give  occasion  for  additional  prefatory  remarks.  Though 
the  subjects  are  thus  measurably  distinct,  they  have  been  given  a 
oommon  bond  by  the  treatment  of  the  geological  processes  in  a  his- 
torical way,  on  the  one  side,  and  by  the  development  of  the  earth 
history  on  djiiamical  lines,  on  the  other.  Not  only  has  the  history 
been  treated  from  a  causal  point  of  view  in  these  volumes,  but  proc- 
esses and  principles  have  been  discussed  wherever  the  phase  of  the 
history  has  seemed  to  make  such  discussion  particularly  pertinent. 
Such  special  discussions  have  usually  been  introduced  at  the  first  stage 
in  the  history  at  which  the  phenomena  they  are  intended  to  eluci- 
date were  declared  features,  or  at  which  their  expression  is  well  suited 
to  treatment.  Sometimes,  however,  they  have  been  delayed,  to  avoid 
emphasizing  too  many  dynamic  subjects  at  a  given  stage.  Some- 
times, too,  the  dynamic  treatment  has  been  divided  between  suc- 
cesave  historical  expressions,  as  when  the  subject  is  very  complex, 
or  when  different  phases  are  best  expressed  at  different  historical  stages. 
This  is  the  case,  for  example,  with  the  dynamics  of  deformation,  which 
were  treated  at  some  length  in  Volume  I,  are  further  discussed  in  the 
chapters  on  the  origin  and  the  early  stages  of  the  earth,  are  again 
^touched  upon  in  connection  with  several  periods  when  deformation 
*♦  was  pronounced,  and  are  reverted  to  finally  in  the  last  chapter,  in 
^  their  application  to  the  peculiar  phenomena  of  the  continental  borders. 
^  A  similar  method  is  used  in  the  treatment  of  climatic  problems,  par- 
^  ticularly  that  of  glaciation,  which  is  considered  at  some  length  in  con- 
nection with  the  remarkable  Permian  phenomena,  because  of  its  advan- 
tageous historical  setting  between  antecedent   and  subsequent  mild 
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periods,  and  is  resumed  in  connection  with  the  n 
where  localization  and  periodicity,  together  with 
best  expressed.    This  recurrent  treatment  is  inte 
some  measure,  the  stress  of  treatment  of  these 
any  one  point,  but  more  especially  to  combine  d 
with  the  phenomena  which  it  is  to  explain,  as  thes* 
themselves  stage  by  stage.    This  has  been  done  in 
discussions  often  have  their  most  obvious  force  or 
and  in  the  further  belief  that  the  definite  develop 
problem  in  its  natural  associations   is   an  advai 
to  the  discussion  of  the  dynamic  agencies  that  const 
It  has  been  thought  that  this  association  of  phenomi 
is  important  enough  to  justify  even  some  reiterati 
tions,  when  these  are  essential  to  firm  basal  conce 

In  harmony  with  this  recurrent  recognition  o: 
ment  in  the  physical  evolution  of  the  earth,  sp( 
made  to  give  to  the  evolution  of  the  successive  j 
inhabitants   their  appropriate  dynamic   and   ph; 
ships.    In  addition  to  the  more  familiar  relations 
ment,  the  special  function  of  the  epicontinental 
lations  has  received  emphasis,  because  these  have 
through  which  the  more  legible  part  of  the  geol 
made.    As  a  corollary  of  this,  the  expansions  an 
land,  on  the  one  hand,  and  of  the  epicontinentfi 
and  their  contrasted  influences  on  the  Ufe  of  the 
low  seas,  respectively,  have  been  given  unusual 

Special  emphasis  is  also  laid  on  the  features 
wherever  the  data  permit.    The  sources  of  th€ 
modes  and  conditions  of  their  derivation,  at  aU 
as  equally  important  with  the  sediments  thems€ 
significant  of  vital  conditions.     Base-level  state 
and  states  of  much  relief,  on  the  other,  are  rec 
factors  in  determining  not  only  the  character  of 
evolution  of  life  on  both  land  and  sea.     Terres 
tinguished   from  marine   deposits,   are   recogniz 
particularly  in  the  Devonian,  Carboniferous,  Pen 
chean,  and  Tertiary,  and  in  the  last,  notably  ii 
errestrial  deposits  so  recognized  are  not  men 
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fluvial,  in  the  narrower  sense,  but  embrace  also  the  products  of  gen- 
eral aggradation  on  surfaces  of  low  gradient,  by  pluvial  and  other 
subaerial  agencies. 

On  the  physical  side,  the  chief  effort  has  been  to  give  a  connected 
and  interpretative  sketch  of  the  earth's  history,  especially  as  exem- 
plified by  the  North  American  continent.  Imperfection  of  knowledge 
makes  this  sketch  incomplete  at  some  points,  and  limitations  of  space 
have  made  it  brief,  even  when  knowledge  is  more  adequate.  Both 
imperfection  of  knowledge  and  limitations  of  space  have  made  it  imprac- 
ticable to  deal  with  other  continents  as  fully  as  with  our  own.  It 
is  believed,  however,  that  the  principles  set  forth  in  connection  with 
the  history  of  our  own  continent  are  applicable  to  all  continents, 
and  that  the  course  of  events  in  all  has  been,  in  principle  and  in  lead- 
ing facts,  similar  to  that  in  our  own. 

WTiile  recognizing  the  alternative  views,  the  doctrine  of  the  per- 
manence of  the  continents  plays  an  unusually  large  part  in  the  inter- 
pretations of  continental  evolution,  of  the  migrations  of  life,  and  of 
the  successive  developments  of  provincial  and  cosmopolitan  faunas. 
So  also  the  doctrine  of  the  periodicity  of  the  great  deformative  move- 
ments forms  a  notable  feature  in  the  interpretations  of  life  evolution, 
and  in  the  reciprocal  developments  of  land  and  sea  life,  as  well  as  of 
provincial  and  cosmopolitan  faunas. 

Exceptional  attention  is  given  to  the  evolutions  of  faunas  and 
floras  and  to  their  radiations  and  migrations,  while  less  attention  is 
pven  to  the  unrelated  features  of  the  life,  however  bizarre  these  may 
be  in  themselves.  The  familiar  calling  of  the  biological  roll  under 
each  period  is  abandoned,  and  will  perhaps  be  missed;  but  it  has  been 
thought  that  the  mutations  of  the  assemblages  of  composite  life  of 
the  great  pro\inces  that  arose  in  succession  from  changes  in  geographic 
configuration,  are  more  important  as  elements  in  the  history  of  the 
earth's  inhabitants  than  the  classification  of  life  forms  as  such,  par- 
ticularlv  as  such  classification  is  still  in  a  state  of  transition.  The 
order  of  treatment  of  the  various  forms  of  life  in  the  several  periods 
is  varied  according  to  what  is  conceived  to  be  their  historical  impor- 
tance or  natural  relations. 

Without  gi\ang  special  adhesion  to  any  particular  doctrine  of  life 
development,  beyond  a  cordial  recognition  of  the  new  mutation  theor 
of  DeVries,  as  well  as  the  ^ud  more  familiar  ones,  the  progre? 
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evolution  of  life  is  made  a  subject  of  constant  ren 
tions  as  to  biological,  as  well  as  physiographic,  relatic 
ence. 

In  the  biological,  as  in  the  physical  parts,  the 
are  frankly  recognized,  and  the  student  is  made  a  p 
desire,  if  not  a  common  effort,  to  secure  more  light 
These  volumes  therefore  attempt  not  merely  to 
facts  of  historical  geology,  and  to  suggest  dynamic  ] 
pretations,  but  to  indicate  to  rising  geologists  the  ne 
ligations,  of  more  light,  and  of  revised  interpretal 
phases  of  the  earth's  history. 

Perhaps  the  most  radical  departure  of  this  wo 
dents  of  its  class  lies  in  the  larger  emphasis  laid 
of  the  origin  of  the  earth,  and  especially  in  the  int 
hypothesis  of  earth  genesis,  whose  dynamic  seque 
from  famiHar  lines.    This  recognition  of  divergent 
very  outset  necessarily  involves  an  effort  to  carry 
pretations  of  the  whole  history  parallel  systems  o 
the   diverse   hypotheses   recognized.     Especially   i; 
try  to  carry  out  the  logical  sequences  of  the  new  hy 
cation  to  the  main  problems  that  remain  unsolved 
of  deformation,  vulcanism,  and  atmospheric  state 
currently  with  the  more  familiar  views,  these  ne^ 
pretation  form  an  alternative  system  running  throi 
It  is  beUeved  that  this  will  be  at  least  stimulatinj 
shall  prove  to  be  a  step  toward  the  final  systei 
which  future  research  alone  will  determine. 

A  few  new  elements  of  geologic  classification  > 
ally  received   more  than  partial   recognition   in 
herein  given  full  recognition.    In  the  class  of  ti: 
ally  designated  EraSy  the  Proterozoic,  long  since 
has  been  adopted,  and  made  to  cover  about  the  gi 
the  Algonkian  of  the  U.  S.  Geological  Survey, 
made  to  include  the  group  of  chiefly  sedimentary 
systems  below  the  Cambrian  and  above  the  gre? 
igneous  or  meta-igneous  origin,  referred  to  the  Arc 
Carboniferous,   or  Sub-carboniferous,  is  recognize 
tem  under  the  name  Mississippian,  which  has  a 
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eurrency  in  America.  The  Lower  Cretaceous  is  also  recognized  as  a 
separate  system  under  the  name  Camanchean.  The  reasons  for  these 
departures  from  current  classification  are  set  forth  in  the  text.  Some 
suggestions  of  further  modification  of  the  current  classification  are 
made,  but  not  adopted,  and  in  connection  with  them  the  criteria  of 
classification  are  set  forth. 

Some  periods  have  received  fuller  treatment  than  others  for  special 
reasons,  usually  for  the  sake  of  treating  new  features  with  some  ampli- 
tude when  they  first  present  themselves  in  forms  advantageous  for 
exposition.  The  Cambrian  period,  for  example,  affords  the  first  immu- 
tilated  record  of  a  great  sedimentary  fossil-bearing  system,  and  hence 
receives  an  elaboration  that  becomes  unnecessary  with  its  successors. 
So  the  Devonian  period  furnishes  the  first  impressive  expression  of 
provincial  Ufe-e volution  on  a  large  scale;  the  Carboniferous,  the  first 
declared  plant  evolution;  the  Permian,  the  first  well-deciphered  gla- 
ciation;  the  Pleistocene,  the  immediate  preparation  for  the  human 
period,  and  so  the  text  of  these  periods  has  been  swollen  by  these  special 
themes. 

As  in  the  previous  volume,  the  endeavor  has  been  made  to  keep 
the  discussion  as  free  from  technicalities  as  practicable,  and  to  render 
the  matter  readable.  Certain  of  the  more  complicated  problems  of 
internal  and  atmospheric  dynamics  render  this  well-nigh  unattainable, 
as  frankly  confessed  by  the  relegation  of  certain  portions  to  small 
type.  The  description  of  the  many  complexities  of  the  geographic 
distribution  and  of  the  composition  of  the  various  formations  cannot 
be  wholly  freed  from  tediousness  to  the  general  reader;  but  they  are 
80  essentially  serviceable  for  local  and  special  studies,  and  even  for 
a  concrete  general  conception  of  the  variety  of  concurrent  geological 
processes,  that  their  admission  is  regarded  as  indispensable. 

The  three  volumes  are  designed  to  furnish  the  basis  for  a  year's 
work  in  the  last  part  of  the  college  course,  or  in  the  early  part  of  a 
graduate  course.  It  may  seem  at  first  thought  that  the  amount  of 
matter  is  rather  large  for  this,  but  the  educational  saw,  that,  in  things 
historic,  nineteen  pages  of  flesh-and-blood  are  an  easier  assignment 
than  nine  pages  of  bare-bones,  is  believed  to  have  an  application  to 
g^l(^c  history.  By  judicious  selection  of  material  to  be  presented 
and  omitted,  the  volumes  ~"  be  found  useful  for  briefer  courses,  ar  ' 
by  the  use  of  the  nuna  eferences  to  the  discussions  of  sr 
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treatises,  they  may  be  made  the  basis  for  much  more 
than  are  commonly  given  in  imdergraduate  work, 
hoped,  be  of  service  as  reference  books  where  short 
given. 

No  attempt  has  been  made  to  make  these  volum( 
the  details  of  the  geology  of  individual  regions  will 
them,  except  as  these  details  have  been  thought  neces 
pretation  of  the  general  phases  of  the  subject.  For  Ic 
and  National  Survey  reports,  and  other  special  mon 
consulted. 

In  the  account  of  the  geology  of  each  period,  the  t 
that  the  physical  history  of  the  continent  may  be 
consecutively,  without  especial  reference  to  the  hij 
and  conversely,  so  that  the  history  of  Ufe  may  be 
as  an  independent,  imified  subject.  This  is  an  adapt 
venience  of  those  institutions  whose  division  of  ii 
permits  a  separation  of  the  treatment  of  the  physi 
logical  phases  of  the  subject. 

Acknowledgments,  in    addition   to  those  made 
due  to  many  colleagues  who  have  rendered  valuable 
ration  of  these  volumes.    In  the  portions  relatinj 
paleontology,  the  assistance  of  Dr.  Stuart  Weller 
erous  and  unreserved  that  he  has  been  scarcely  less  tl 
Almost  as  much  may  be  said  of  the  assistance  of  Dr 
and  E.  C.  Case  in  the  portions  relating  to  verteb 
and  of  Drs.  J.  M.  Coulter  and  H.  C.  Cowles  in  paleob 
tion  of  the  invertebrate  illustrations  and  the  prepan 
tated  legends  have  been  largely  the  work  of  Prof 
many  of  the  figures  for  these  illustrations  have  beei 
work  under  his  supervision  by  Miss  Mildred  Mar 
read  both  the  manuscript  and  the  proof.    Dr.  Wilt 
manuscript  and  proof  of  the  portions  relating  to  v 
the  cosmological  portions,  the  collaboration  of  Dr.  ] 
has  been  of  indispensable  service.    In  certain  m 
lems,  Dr.  A.  C.  Lunn  has  given  valuable  advice, 
Stieglitz  has  done  the  same   in   connection  with 
The  colored  map  of  the  American  formations  has 
"*^or  Bailey  Willis.    The  series  of  analytical  m 
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periods  were  compiled  and  drawn  by  Mr.  C.  E.  Siebenthal  under  the 
supen'ision  of  the  authors.  Many  of  the  figures  in  the  text  were  drawn 
by  Mr.  G.  A.  Johnson.  In  other  ways,  much  valued  aid  has  been 
rendered  by  Professors  E.  B.  Frost,  A.  A.  Michelson,  C.  R.  Barnes, 
J.  P.  Goode,  H.  G.  Gale,  and  Messrs.  Edson  S.  Bastin  and  Eugene  W. 
Shaw.  Various  individual  investigators,  publishers,  and  surveys, 
preeminently  the  U.  S.  Geological  Survey,  have  furnished  material 
for  illustrations.  In  general  these  contributions  are  acknowledged 
in  the  text. 

The  references  to  Volume  I  are  to  the  second  edition,  in  which 
the  pagination  numbers  are  higher  than  those  of  the  first  edition  by 
a  little  more  than  one  in  twenty,  as  a  rule. 

UanTKRsiTT  OF  Chicago,  December,  1905. 
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GEOLOGY 

CHAPTER  I. 

THE  ORIGIN  OF  THE   EARTH. 

The  strata  of  the  earth  reveal  its  history  with  great  fidelity  for 
long  periods  previous  to  the  present,  but  earlier  than  that  the  record 
becomes  indistinct,  and  if  we  attempt  to  follow  it  back  to  the  beginning, 
the  indistinctness  merges  into  extreme  obscurity.  The  rocks  at  the 
base  of  the  known  sedimentary  series  are  so  greatly  disrupted,  crumpled, 
crushed,  metamorphosed,  and  traversed  by  intrusions,  that  their  his- 
tory- is  deciphered  with  the  greatest  difficulty  and  no  Uttle  uncertainty, 
while  below  these  lies  the  inaccessible  interior  of  the  earth  whose  for- 
mation constituted  a  still  earlier  chapter  in  the  history.  The  nature 
of  this  inaccessible  mass  can  only  be  inferred  from  volcanic  extru- 
sions, the  transmission  of  seismic  tremors,  the  phenomena  of  gravity, 
the  distribution  of  rigidity  and  of  internal  heat,  the  modes  and  pro- 
cesses of  deformation,  and  other  phenomena  of  a  more  or  less  dynamic 
kind.  All  these  phenomena  have  their  bearing  on  the  problem  of 
the  earth's  origin,  but  just  what  they  imply  cannot  yet  be  interpreted 
without  some  measure  of  reasonable  doubt. 

Besides  these  internal  phenomena,  suggestions  relative  to  the 
origin  of  the  earth  are  to  be  found  in  its  characteristics  as  a  planet, 
and  in  its  relations  to  the  other  members  of  the  solar  system.  Sug- 
gestions are  also  to  be  found  in  certain  features  of  the  solar  system 
which  show  that  it  had  no  haphazard  origin.  The  birth  of  the  system 
is  beyond  doubt  revealed  in  its  constitution  and  in  its  dynamics,  if 
one  could  but  read  the  record.  But  all  these  phenomena  of  external 
relations,  as  of  the  hidden  interior,  are  difficult  to  interpret,  and 
the  meaning  they  carry  cannot  be  read  as  we  read  the  sedimentary 
record.  We  do  read  dynamical  records.  In  the  fall  of  ram  we  readily 
read  the  pre\nous  ascent  of  vapor,  not  so  much  by  any  material  record 


2  GEOLOGY. 

as  through  a  known  system  of  atmospheric  dynai 
follow  the  growth  of  an  oak  back  to  its  origin  by  re 
processes.  By  three  observations  of  the  apparent  p 
comet,  the  astronomer  traces  its  path  both  back\^ 
In  a  somewhat  similar  way,  the  history  of  the  eartl 
time  be  traced  to  its  beginning  through  its  dynami 
is  quite  certain  that  the  earth  and  the  solar  system 
pursuance  of  a  definite  succession  of  progressive  ( 
virtually  recorded  in  the  phenomena  of  the  preser 
fuller  and  deeper  in&ight  into  such  phenomena  is  ai 
will  doubtless  become  quite  readable,  and  the  int< 

While  awaiting  this,  we  must  be  content  with 
these  are  our  only  resource,  there  is  need  to  form  a 
as  possible  of  those  hypotheses  that  have  been  or  n 
and  of  their  working  qualities  as  applied  to  the  pro 
It  is  not  less  important  to  acquire  at  the  same  tim 
intelligent  preparedness  to  appreciate  new  light  i 
itself. 

Not  a  few  of  the  doctrines  of  geology,  when  ti 
ultimate  terms,  are  found  to  hang  on  some  hypotl 
initial  stage,  and  to  have  no  greater  strength  ths 
It  is  therefore  important  to  scrutinize  these  basal  1 
critically  the  ways  in  which  they  enter  into  the  ir 
earth's  phenomena,  and  into  the  various  geologica 
carry  into  the  study  of  earth-history  a  never-fai 
hypothetical  dependencies.  This  should  serve  as 
against  the  acceptance  of  conclusions  as  substantij 
in  reality  hypothetical  in  their  ultimate  dependenc< 
it  guard  against  the  unconscious  acceptance  of  coi 
they  were  demonstrated,  when  in  reality,  traced  a  st< 
they  may  be  found  to  be  grounded  solely  on  a  h 

It  is  the  glory  of  geology  that  it  is  a  growing 
has  an  enormous  mass  of  the  firmest  data,  and  i' 
rest  on  most  substantial  grounds  and  will  never  t 
by  any  developments  in  the  future,  it  has,  at  th 
problems  that  are  yet  unsolved,  many  doctrines  th^ 

ny  depths  that  are  yet  unfathomed.    At  all 
8  an  investigative  spirit:    it  courts  an  attit 
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thou^t  and  of  critical  scrutiny.  Especially  is  this  true  of  the  hypo- 
theses of  the  origin  and  early  states  of  the  earth,  to  which  we  now 
turn. 

HYPOTHESES  OF  THE  EARTH'S  ORIGIN. 

It  is  the  nearly  imanimous  conviction  of  astronomers  that  the 
solar  system  was  evolved  in  same  way  from  a  nebula  of  some  form. 
Until  recent  years,  the  majority  of  astronomers  accepted  the  special 
theory  of  Laplace,  presently  to  be  sketched.  So  general  has  been 
this  acceptance  that  the  theory  of  Laplace  has  come  to  be  known  as 
"The  Nebular  Hj^wthesis,"  and  when  this  phrase  is  used  without 
qualification,  this  particular  hypothesis  is  usually  meant.  The  advance 
of  inquiry,  however,  makes  it  necessary  now  to  consider  at  least  two 
other  hypotheses,  each  of  which  postulates  that  the  solar  system  arose 
from  a  nebula,  but  a  nebula  whose  constitution  and  mode  of  evolu- 
tion differed  from  that  postulated  by  Laplace.  In  a  broad  sense,  all 
these  are  nebular  hypotheses.  Each  of  them  embraces  sub-hypotheses 
or  variations,  but  in  their  basal  features  they  are  distinct  and  form 
three  definite  classes. 

I.  ITie  gaseous  hypothesis. — In  this,  the  parent  nebula  is  assumed 
to  have  been  formed  of  gas  aggregated  by  gravity  in  accordance  with 
the  laws  of  gases,  and  to  have  been  evolved  into  the  present  state  by 
a  gradual  passage  from  the  original  system  of  gaseous  dynamics  into 
the  present  system  of  planetary  dynamics.  The  type  of  the  class  is 
the  Laplacian  hypothesis. 

II.  The  meteoritic  hypothesis. — In  this,  the  parent  nebula  is  assumed 
to  have  been  a  swarm  of  meteorites,  the  individual  members  of  which 
moved  in  diverse  directions  and  suffered  frequent  collisions,  attended 
by  heat,  light,  and  vaporization.  The  type  is  the  conception  worked 
out  by  G.  H.  Darwin,  in  which  the  swarm  of  meteorites  is  thought 
to  have  behaved  essentially  as  a  coarse  gas,  the  evolution  of  the  system 
being  djuamically  like  that  of  a  gaseous  system:  indeed,  the  initial 
meteoritic  aggr^ation  may  have  actually  passed,  at  a  later  stage, 
into  a  gaseous  one  by  the  vaporization  of  the  constituent  meteorites. 

m.  Hie  pianetesimal  hypothesis. — In  this,  the  constituents  may 
be  molecules  or  small  masses  of  any  kind  moving  in  orbits  about 
common  center.    They  are  not  primarily  controlled  by  collision 
reboond  as  in  the  pre*       '^  cases,  but  by  revolution  about  the 
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mon  center  of  gravity  or  some  central  body,  as  are  tl 
In  other  words  the  constituents  are  infinitesimal  plane 
mals.  Under  this  hypothesis  the  dynamical  system  vi 
same  at  the  outset  as  it  is  now;  the  evolution  has 
aggregation  of  the  planetesimals  into  planets  and  sate 
ally  considered,  it  differs  more  from  the  other  two  hyj 
do  from  one  another,  but  it  is  liable  to  be  confused 
from  which,  however,  it  departs  fundamentally.  The 
ses  will  be  considered  in  detail. 

I.  The  Laplacian  or  *' Nebular"  Hypa 

During  the  last  century  the  Laplacian  hypoth 
of  the  solar  system  was  almost  universally  accepted  1 
and  geological  theories  respecting  the  early  states 
respecting  many  of  its  subsequent  events  were  built 
views  remain  largely  prevalent  to-day. 

The  postulated  nebula. — The  Laplacian  hypoth 
the  matter  of  the  solar  system  was  once  in  an  extn 
ous  condition  and  formed  a  vast  spheroid  extending 
most  planet  and  rotating  in  the  same  direction  as  t 
How  this  condition  of  things  arose  was  not  defini 
Laplace.  It  has  since  been  referred  to  the  collision  c 
and  to  other  agencies.  The  extreme  tenuity  of  th 
thus  postulated  is  to  be  noted,  for  computation 
density  but  a  small  fraction  of  a  millionth  of  the  dei 
phere  at  the  surface  of  the  earth,  while  its  outer 
much  less.2  The  hypothesis  assumes  that  this  ( 
rarefaction  was  maintained  by  intense  heat. 

Formation  of  rings. — The  hypothesis  holds  tha 
of  this  heat  by  radiation  must  have  resulted  in  con 

*  A  somewhat  similar  hjrpothesis  was  advanced  earlier  by 
and  a  cruder  one  still  earlier  by  Thomas  Wright.  Swedenbo 
tion  in  the  same  line.  These  eariier  attempts,  however,  comn 
and  the  wide  acceptance  which  the  hypothesis  gained  later  ^ 
elegant  elaboration  given  it  by  the  mathematical  genius  of  La 
influence  of  his  name  which  it  property  bears.  The  hypothc 
the  slightly  modified  forms  usually  held  at  present. 

'  Kelvin  gives  the  average  density  of  a  gaseous  nebula  hav 

~i  the  earth's  orbit,  as  1/570,000,000  of  that  of  common  i 

'  of  lO""  C.  (Pop.  Lect.  and  Add.  I,  p.  419).     F.  R.  Mo 

wrhen  the  nebula  extended  to  the  orbit  of  Neptune,  1, 
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this  must  have  led  to  accelerated  rotation.  When  the  rotation  reached 
a  certain  speed,  the  centrifugal  acceleration  at  the  equator  of  the 
spheroid  would  come  to  equal  the  centripetal  acceleration  of  gravity. 
The  equatorial  portion  would  then  no  longer  contract,  while  the  re- 
mainder, having  less  rotational  speed  and  continuing  to  shrink  from 
further  loss  of  heat,  would  draw  away  from  it.  The  equatorial  portion 
is  commonly  said  inaccurately  to  be  ''thrown  off."  The  hypothesis 
assumes  that  the  equatorial  matter  so  left  behind  would  constitute  a 
ring  resembling  the  rings  of  Saturn;  indeed,  there  is  Uttle  doubt  that 
the  Satumian  rings  suggested  the  theory.  It  further  assumes  that,  as 
the  cooling  and  contraction  of  the  spheroid  continued,  additional  rings 
to  the  number  of  the  present  planets  were  left  behind. 

It  has  been  objected  that  the  matter  left  behind  in  this  way  would 
separate  particle  by  particle,  forming  a  kind  of  disk,  and  not  a  series 
of  definite  rings,  since  the  centrifugal  acceleration  would  come  into 
equaUty  with  the  centripetal  gradually  and  at  different  times  for 
each  successive  distance  from  the  center.  There  could  have  been 
no  appreciable  cohesion  to  restrain  the  separation;  on  the  contrary, 
the  individual  velocities  of  the  molecules  should  have  aided  individual 
separation.     But  this  is  not  the  view  taken  by  the  hypothesis. 

Fonnation  of  gaseous  spheroids. — It  is  further  assumed  that  as  the 
rings  cooled  they  parted  at  their  weakest  points  and  collected  into 
spheroids  which  were  still  hot  and  gaseous  like  the  original  spheroid. 
These  afterwards  followed  a  similar  course  of  evolution,  detaching 
rings  in  most  cases,  which  in  turn  parted  and  gathered  into  smaller 
spheroids. 

The  spheroids  into  which  the  first  set  of  rings  contracted  are  assumed 
to  have  at  length  condensed  into  the  several  planets,  those  of  the 
secondary  rings  into  the  satellites,  while  the  great  central  spheroid 
formed  the  sun. 

Hie  earth-moon  ring. — In  the  case  of  our  planet,  it  is  held  that 
the  matter  of  the  earth  and  moon  together  was  originally  separated 
from  the  solar  spheroid  as  a  common  ring  at  a  rather  late  stage  in 
the  evolution  of  rings,  and  that  this  ring  coalesced  into  a  hot  gaseous 
sjAeroid  which,  in  the  course  of  its  contraction,  in  turn  detached  a 
ring  from  its  equator,  and  that  this  ring  condensed  into  the  moon. 

air  at  the  earth's  surface  (Tests  of  the  Nebular  Hypothesis,  Astrophys.  Jour.,  Vol. 
n,  1800,  p.  114). 
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According  to  the  original  Laplacian  hypothesis, 
the  separation  of  the  moon-ring,. was  still  a  spheroid  c 
continued  to  cool  and  shrink  until  finally  its  main  i 
a  Uquid  and  at  length  into  its  present  state. 

Darwin's  modification.-^George  H.  Darwin  ^  has  { 
fication  of  the  theory,  so  far  as  relates  to  the  moon,  \s 
to  have  separated,  not  as  a  ring  while  the  earth  Wjg 
panded  gaseous  condition,  but  as  a  lump,  or  as  a  ser 
after  the  earth  had  concentrated  to  a  liquid  or  perhaps 
solid  state.    By  a  beautiful  mathematical  investigat 
of  a  postulated  body-tide  of  the  earth  upon  the  moti 
he  concluded  that  the  moon  has  been  forced  to  retir 
a  position  at  or  near  the  earth,  to  its  present  distan 
of  its  history.    The  tidal  protuberance  of  the  earth  i 
by  rotation,  and  so  tends  to  draw  the  moon  forward  in 
causes  the  moon  to  take  a  larger  orbit,  while  the  ) 
the  moon  on  the  tidal  protuberance  tends  to  retan 
the  earth.    That  the  tides  tend  to  force  the  moon 
measure,  is  a  sure  deduction  from  the  dynamics  of 
the  assumption  of  a  body-tide,  and  hence  it  seems  ] 
moon  was  originally  nearer  the  earth  than  it  is  noT 
nearer  remains  an  open  question  on  which  we  have 
On  accoimt  of  its  close  relations  to  the  earth,  the  c 
of  the  moon  are  matters  of  great  interest,  but  the  di 
have  been  entertained  cannot  be  pursued  into  detail 

Supposed  passage  of  the  earth  from  the  gaseous  tc 
dition. — The  Laplacian  hypothesis  assumes  that 
remained  essentially  in  the  gaseous  condition  until 
central  portion  fell  to  the  temperature  of  liquefac 
refractory  matter,  when  a  liquid  nucleus  formed, 
on,  this  grew  imtil  the  chief  rock-substances  had  co 
molten  globe,  while  the  more  volatile  material  rema 
state  and  formed  a  vast  hot  atmosphere. 

*  On  the  Secular  Changes  in  the  Elements  of  the  Orbit  of  a  Sat 
a  Tidally-distorted  Planet,  Phil.  Trans.  Roy.  Soc,  Pt.  II,  188C 
Friction  of  a  Planet  Attended  by  several  Satellites  and  on  the  . 
^  1-  ditto,  Pt.  II,  1881. 

I,  p.  576. 
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The  supposed  crust — ^It  was  formerly  held  that  the  next  step  was 
the  crust  ing-over  of  this  molten  globe  by  surface  cooling,  and  that 
this  was  followed  by  a  progressive  thickening  of  the  crust.  It  was  a 
conunon  \iew  that  this  state  continued  even  down  to  the  present  day, 
and  that  the  earth  still  consists  of  a  liquid  interior  inclosed  in  a  solid 
shell.  The  term  "crust  of  the  earth"  arose  from  this  belief,  and  it  is 
still  much  used  as  the  most  convenient  term  for  the  outer  part  of  the 
earth,  even  by  those  who  do  not  attach  the  original  meaning  to  it. 
Against  this  view  it  has  been  mged  that  solid  lava  is  hea\4er  than 
molten  lava  and  should  therefore  sink  to  the  center  as  fast  as  it  formed. 
In  reply  it  is  urged  that,  in  such  a  molten  globe,  the  heaviest  material 
would  gather  at  the  center,  with  successive  layers  of  lighter  and  lighter 
material  above  it,  the  lightest  of  all  being  at  the  surface,  so  that,  even 
though  the  solidified  portions  of  this  lightest  layer  were  heavier  than 
their  own  liquid  stratum,  and  so  would  sink  through  it,  they  would 
still  be  lighter  than  the  heavier  liquid  layers  below,  and  would  thus 
be  arrested  by  them.  These  sunken  portions  might  be  remelted  for 
a  time,  but  the  process  would  at  length  so  cool  the  whole  outer  layer 
that  remelting  would  cease,  and  a  subcrust  would  form  which,  in  time, 
would  be  built  up  to  the  surface  and  give  a  complete  crust  formed  of 
the  outermost  layer  of  light  material.  In  pursuance  of  this  \'iew,  it 
was  supposed  that  the  granitic  group,  the  lightest  class  of  igneous 
rocks,  formed  the  primitive  surface,  but  this  special  \'iew  has  been 
weakened  by  recent  studies  of  the  oldest  known  rocks. 

Astronomical  argument  for  solidity. — Arguments  against  a  crust 
resting  on  a  liquid  bed  have  been  brought  to  bear  by  physicists  and 
astronomers  who,  reasoning  from  the  phenomena  of  the  tides,  of  the 
precession  of  the  equinoxes,  of  variation  of  latitude  and  of  nutation, 
have  uiged  that  the  earth  must  be  essentially  solid;  must,  indeed, 
have  a  practical  rigidity  of  a  high  order.  The  support  of  the  con- 
tinental platforms  at  a  height  of  12,000  to  18,000  feet  above  the  ocean 
basins,  as  well  as  the  support  of  the  great  plateaus  and  mountain 
ranges  superposed  on  these,  present  other  grave  objections  to  the 
hj-pothesis  of  a  liquid  interior.  To  these  last  objections,  the  answer 
has  been  made  that  the  continents,  plateaus,  and  mountains  are  inher- 
ently lighter  than  the  material  of  the  ocean  bottoms,  and  this  seems 
to  be  essentially  true  "^o  the  astronomical  argument  it  has  been 
replied,  in  part,  tha  ff  liquid  inclosed  in  a  thick  shell  and  rot* 


8  GEOLOGY. 

ting  rapidly  would  act  toward  a  transient  extern 
it  were  a  solid. 

Notwithstanding  these  answers,  the  opposing  c 
greatly  reduced  the  number  of  adherents  of  a  moli 
whom  were  once  embraced  the  great  body  of  geolc 
still  held,  however,  by  eminent  geologists,  and — wh 
to  note — it  remains  embodied  unwittingly  in  man; 
to  the  interior  and  to  its  dynamics  which  are  held 
ceased  to  hold  the  parent  view.  A  striking  exam 
in  the  thermal  discussions  of  Lord  Kelvin  and  oth 
form  temperature  in  the  deep  interior  is  assumec 
corollary  of  the  conception  of  surface  cooling  ai 
apparently  can  have  no  other  basis.  Yet  it  has 
into  nearly  all  the  fundamental  doctrines  of  defo 
ings  have  been  indicated  in  Vol.  I,  pp.  559,  560. 

Supposed  solidification  from  the  center  outwa: 
which  shrink  in  solidifying,  as  do  most  rocks,  it  is 
the  melting-points  are  raised  by  pressure.     Out 
the  doctrine  that  solidification  due  to  pressure  woul( 
of  the  earth  while  yet  the  outer  part  was  liquid, 
much  strengthened  by  the  experiments  of  Barus  i 
such  pressure  as  could  be  applied,  Barus  found  the 
point  of  a  typical  rock  (diabase)  to  be  directly  as  the ; 
by  computation  to  the  center  of  the  earth,  the  i 
be  76,000°  C.     It  is  of  course  uncertain  whether 
good  throughout  the  extraordinary  conditions  oi 
and  little  weight  is  to  be  attached  to  the  precise  i 
general  deduction  is  of  fundamental  importance 
of  solidification  under  pressure,  in  spite  of  heat, 
support  of  the  best  available  experimental  data, 
astronomical  and  topographic  arguments  for  a  soli 
to  have  wide  acceptance.     Under  this  general  vie^ 
that  the  solidification  continued  outward  from  1 
surface  was  reached,  and  that  the  surface  cooled  la^ 
precisely  the  opposite  of  the  old  view. 

Supposed  middle  molten  zone. — By  others  it  is 
*"~  over  at  the  surface  took  place  before  the 

U.  S.  Geol.  Surv.,  Bull.  103.     See  also  Vol.  I,  this  ^ 
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j  reached  the  surface,  and  that  there  was  then  a  zone  of  liquid  between 
a  solid  crust  and  a  soHd  center.  This  zone  is  thought  by  some  to  have 
remained  to  the  present  time;  by  others  to  have  soHdified  later,  and 
by  still  others  to  have  partially  solidified  so  that  the  crust  is  joined 
to  the  central  mass  by  solid  supports,  while  residues  of  liquid  have 
been  left  between  in  certain  portions.  By  postulating  these  liquid 
residues,  a  source  for  the  lavas  ejected  at  later  stages  is  hj^wthetically 
provided. 

Hypothetical  gaseous  center. — Against  the  view  of  a  soUd  center 
it  is  urged  that  the  temperature  of  the  gaseous  globe  at  its  center  must 
have  been  above  the  critical  point,  and  must  have  risen  with  progressive 
condensation  so  long  as  it  remained  in  the  gaseous  state,  and  hence 
that  the  gaseous  center  could  not  have  taken  on  the  solid  state.  A 
^obe  with  a  gaseous  center  is  therefore  a  fourth  conception.  How 
this  is  to  be  reconciled  with  the  evidences  of  rigidity  and  other  physical 
phenomena  of  the  globe  is  not  obvious. 

There  thus  arise  from  the  Laplacian  hypothesis  four  general  con- 
ceptions of  the  state  of  the  body  of  the  earth:  (1)  that  it  is  all  liquid 
within  and  merely  crusted  over,  (2)  that  it  is  solid  at  the  center  and 
crusted  over  on  the  surface,  with  a  licjuid  or  partially  liquid  zone  between, 
(3)  that  it  is  solid  throughout,  and  (4)  that  its  center  is  gaseous  and 
its  exterior  solid. 

Part  played  in  geologic  doctrines. — The  view  that  the  earth  was 
once  in  a  molten  state  verv'  naturallv  led  to  certain  inferences  as  to 
the  internal  arrangement  of  the  matter,  the  original  form  of  the  sur- 
face, the  state  of  the  primitive  atmosphere,  and  to  a  long  chain  of 
dependent  interpretations;  and  so  the  hjT)othesis  has  become  inter- 
woven with  the  interpretations  of  nearly  all  the  great  phenomena  of 
geologj'.  The  changes  in  the  form  of  the  earth,  the  warping  of  its 
crust  into  ocean  basins  and  land  protrusions,  its  wTinkling  into  moun- 
tains, its  fissurings  and  faultings,  its  risings  and  fallings,  its  volcanoes 
and  its  earthquakes,  have  been  usually  regarded  as  the  natural  sequences 
of  a  cooling  globe.  So,  too,  the  consumption  of  the  atmosphere  in 
the  formation  of  the  oxides,  carbonates,  and  carbonaceous  deposits, 
anil  the  absorption  of  the  ocean  into  the  body  of  the  earth,  are  cur- 
rent doctrines  founded  on  the  Laplacian  hypothesis. 

Sapporting    phei  i. — In   favor   of   the    Laplacian    hypothe 

stand  the  imqiiestv  "tn  that  the  interior  of  the  earth  is  hot 
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molten  rock  has  been  extruded  from  it  at  various  ' 
the  known  geologic  ages,  and  that  the  eariiest  known 
igneous  or  igneous  derivatives.  In  its  favor  also  1 
long  list  of  beautiful  harmonies  in  the  solar  system, 
symmetry  have  been  thought  to  tally  well  with  ihk 
tion  of  its  members  as  successive  rings.^ 

Objectiong  to  the  Laplacian  hjrpothesis.^ — Not^ 
very  general  acceptance  of  the  Laplacian  hypothesis 
century,  certain  objections  have  all  along  been  vffge< 
recently  certain  new  ones  of  a  cogent  nature  have  b 
consideration.^ 

(1)  As  already  noted,  it  has  been  urged  that  dei 
not  be  formed,  but  that  the  equatorial  matter  woul 
separate  particle  by  particle. 

(2)  It  has  been  questioned  whether  the  rock  subst 
in  the  attenuated  condition  it  must  have  had  in  th( 
moon  ring  would  not  have  cooled  to  solid  particles  loi 
have  collected  into  a  spheroid. 

(3)  By  mathematical  investigation,  Moulton  has 
that  there  are  grave  mechanical  difficulties  in  the 
ring  into  a  spheroid  as  simply  and  promptly  as  supp 
and  this  gives  new  point  and  force  to  the  preceding  o 

(4)  It  has  been  urged  that  in  so  highly  heated  a 
hypothesis  assumes,  the  molecular  velocities  of  the 
the  ring  would  be  so  great  that  they  could  not  be 
the  attraction  of  the  ring,  and  perhaps  could  not  b 
by  the  gravity  of  the  supposed  gaseous  spheroid. 

(5)  It  is  a  most  singular  fact  that  Phobos,   the 
Mars,  revolves  in  less  than  a  third  of  the  time  of  1 
tion,  whereas,  according  to  the  Laplacian  theory, 
of  rotation  should  have  kept  on  increasing  after  the 

*  A  full  list  of  these  is  given  in  World  Life  by  Alex.  Winch 
2  A  Group  of  Hypotheses  bearing  on  Climatic  Changes,  Jour. 
1897,  pp.  653-83;  An  Attempt  to  Test  the  Nebular  Hypothesis 
Masses  and  Momenta,  Jour.  G«ol.,  Vol.  VIII,  No.  i,  January 
68-73;  Certain  Recent  Attempts  to  Test  the  Nebular  Hypothes 
August  10,  1900,  T.  C.  Chamberlin;  An  Attempt  to  Test  the 
'  \ppeal  to  the  Laws  of  Dynamics,  Astrophys.  Jour.,  Vo 

103-130,  F.  R.  Moulton. 
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Phobos  was  detached.  To  explain  this  difficulty,  G.  H.  DarWin  has 
suggested  that  tidal  retardation  may  have  decreased  the  planet's  rota- 
tion much  more  than  the  c(»itraction  increased  it,  but  this  seems 
hi^y  improbal^.  Furthermore,  Moulton  has  shown  that  the  par- 
ticles that  make  up  the  inner  edge  of  the  inner  ring  of  Saturn  revolve 
in  about  half  the  planet's  time  of  rotation,  and  that  the  tidal  argu- 
ment, applied  to  Mars,  does  not  fit  this  even  more  singular  case  with- 
out making  new  and  inconsistent  assumptions.^ 

(6)  But  perhaps  the  most  severe  test  to  which  the  Laplacian 
hx^pothesis  has  recently  been  subjected  is  founded  on  a  study  of 
the  relations  of  mass  and  momenta.  It  is  a  firmly  established  law  of 
mechanics  that  the  moment  of  momentum  of  any  freely  rotating  or 
revohing  system,  like  the  nebula  in  question,  remains  constant,  if  not 
influenced  from  i^Hthout,  whatever  changes  the  system  may  undergo; 
and  this  jwinciple  is  peculiarly  well  adapted  to  test  the  evolution  of 
the  solar  sj'stem.  Now  Moulton  has  shown  ^  that  if  the  solar  system 
be  ccmverted  into  a  gaseous  spheroid,  so  expanded  as  to  fill  Neptune's 
orbit,  and  so  distributed  in  density  as  to  conform  to  the  recognized 
la\i-s  of  gases,  and  if  the  whole  moment  of  momentum  now  possessed 
by  the  solar  sj'stem  be  given  to  it,  it  will  not  have  a  rate  of  rotation 
sufficient  to  detach  matter  from  its  equator,  and  would  not  acquire 
such  a  rate  until  it  had  contracted  well  within  the  orbit  of  the 
innermost  planet. 

(1)  K  the  method  be  reversed  and  the  expanded  spheroid  be  given 
the  successive  rates  of  rotation  necessary  to  develop  the  rings  at  the 
requisite  stages,  the  moment  of  momentum  of  the  system  at  each  ring's 
birth  should  equal  the  existing  moment  of  momentum  of  the  derived 
bodies.  But  Moulton's  computations  show  that,  at  the  stage  that  gave 
birth  to  the  Neptunian  ring,  the  moment  of  momentum  of  the  restored 
nebula  must  have  been  more  than  200  times  as  great  as  the  present 
moment  of  momentum;  in  the  Jovian  stage,  it  must  have  been  140 
times  as  great;  in  the  earth  stage,  1800  times  as  great,  and  in  the  Mer- 
curial stage,  1100  times  as  great.  Here  is  not  only  an  enormous  dis- 
crepancy, but  one  that  varies  greatly  and  irregularly  from  stage  to 
stage.  This  seems  to  show  that  the  discrepancies  cannot  be  due  to 
any  failure  of  the  law  of  density  of  gases  to  hold  good,  for  that  should 
give  a  con^stent  83rste»««lic  error. 

*  Loc.  cit. 
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(8)  So  again,  if  the  ratios  of  the  masses  separate 
stages  be  compared  with  the  momenta  they  carriec 
able  discrepancies  arise.  In  this  case  the  momen 
the  parent  nebula  at  any  stage  may  be  computed 
of  momentum  of  its  derivatives,  and  so  all  doubts  t 
the  distribution  of  density  in  the  nebula  be  avoic 
the  mass  of  the  supposed  ring  that  formed  Jupiter 
less  than  one-thousandth  part  of  the  solar  nebula  at 
the  ring  was  separated;  but  Jupiter  and  his  moor 
95%  of  the  total  amount  of  moment  of  momentum  < 
at  that  stage.  In  other  words,  the  Laplacian  \ 
the  proposition  that  in  a  rotating  gaseous  sphei 
ring  equal  to  less  than  one-thousandth  of  the  whole 
by  centrifugal  acceleration,  carried  off  95%  of  the 
momentum,  which  seems  incredible.  A  similar  e 
separation  of  other  rings  gives  like  extraordinary 
results,  as  in  the  previous  case,  vary  greatly  and 
themselves,  showing  a  lack  of  system  or  consisten 
process  of  ring  detachment. 

The  inquiry  along  these  lines,  being  of  a  somewha 
cal  nature,  throws  grave  doubt  on  the  validity  of  the 
sis.  It  seems  to  show  that  the  solar  system  must 
ized  so  that  a  very  small  fraction  of  the  matter  (i. 
satellites,  which  amount  to  about  1/700  of  the  w 
nearly  all  (97  +  %)  of  the  moment  of  momentum 
3%  in  the  central  body  that  carries  all  of  the  mat 
fraction  named.  It  is  difficult  to  see  how  this  coulc 
ting  spheroid.  Tidal  reaction,  by  transferring  m( 
central  to  the  outlying  bodies,  may  help  slightly  ' 
difficulty,  but  computation  shows  that  it  is  utt( 
meet  the  case. 

(9)  Under  the  Laplacian  hypothesis  the  satellites 
in  the  direction  in  which  their  planets  rotate.  Th 
ninth  satellite  of  Saturn  revolves  in  a  direction  opj 
and  the  inner  satellites. 

Unfavorable  testimony  of  existing  nebulae. — The 
cian  hypothesis  has  been  still  further  weakened 
thoiierh  the  knowledge  of  existing  nebulae  has  rece 
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ver>"  greatly  by  photography,  nebuke  have  not  been  found  which 
present  a  series  of  such  systematic  annulations  as  the  hypothesis  pos- 
tulates. On  the  contrary,  the  spiral  nebula,  as  announced  by  the 
late  Professor  Keeler,^  is  found  to  be  the  dominant  type. 

II.  The  METEORmc  Hypothesis. 

A  simple  but  untenable  form. — It  was  long  ago  noted  that,  from 
time  to  time,  fragments  of  stony  and  metallic  matter  fell  from  the 
heavens,  and  that  shooting  stars  entered  the  upper  atmosphere  nightly 
in  great  numbers;  and  out  of  this  naturally  grew  the  suggestion  that 
the  earth  may  have  been  built  up  in  this  way,  save  that  the  process 
was  rapid  in  the  early  ages  before  the  heavens  had  been  so  thoroughly 
swept  of  meteoritic  material.  This  form  of  the  hypothesis,  however 
simple  and  natural,  may  be  dismissed  without  serious  consideration, 
for  the  distribution  of  meteorites,  their  directions  of  motion,  and  their 
velocities  are  such  as  to  forbid  the  belief  that  the  solar  system,  with 
its  symmetrical  discoid  form  and  its  many  peculiar  and  significant 
features,  could  have  been  formed  from  them  directly  in  the  manner 
supposed. 

The  hypothesis  of  Lockyer  and  Darwin. — In  a  work  entitled  *'The 
Meteoritic  Hypothesis'*  Lockyer  has  endeavored  to  show  that  nebula) 
are  composed  of  meteorites  sparsely  aggregated  into  swarms,  and  that 
stellar  systems  are  evolved  from  them.  His  hypothesis  is,  therefore, 
nebulo-meteoritic,  and  relates  to  a  stage  antecedent  to  the  formation 
of  the  planets.  He  assigns  the  light  of  the  nebula)  to  the  collision  of 
the  meteorites  with  one  another.  To  meet  the  fact  that  the  spectra 
of  some  nebulae  are  of  the  gaseous  type,  he  assumes  that  the  impact 
vaporizes  a  part  of  the  meteorites,  and  these  vaporized  portions  give 
forth  the  gaseous  spectra.  It  remains  to  be  explained,  however,  why 
the  spectra  of  these  nebula?  rarely  show  anything  but  hydrogen,  helium, 
and  an  unknown  substance,  or  substances,  provisionally  called  nebulium, 
and  are  never  knowTi  to  show  metals.  The  continuous  spectra  which 
other  nebulae  present  he  refers  to  the  solid  or  liquid  portions  set  aglow 
by  collision.  The  luminosity  of  any  given  meteorite  arising  from 
impact  must  be  very  transient,  but  the  hypothesis  assumes  that  the 
aggregate  result  of  many  such  collisions  is  a  nearly  constant  emanation 

*  Afltn  I  Journal,  June,  1900,  pp.  347, 348. 
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of  light.  Lockyer^s  treatise  does  not  enter  into  j 
of  the  mechanics  involved  in  the  original  gathei 
nebular  swarm,  nor  does  it  attempt  to  trace  the 
down  to  the  origin  of  the  planets  and  the  specific  g( 

In  a  very  notable  paper/  George  H.  Darwin,  i 
swarm  already  aggregated  and  already  possessed  o: 
tribution  suited  to  the  formation  of  the  solar  sysl 
discussed  its  mechanical  characters.  The  essential 
ous  inquiry  is  the  conclusion  that  such  a  swarm  is 
gous  to  a  gas,  and  that  the  laws  governing  gases  m 
discussion  of  its  mechanical  properties.  He  does  r 
the  history  forward  into  the  development  of  the  pla 
believes  that  they  arose  from  equatorial  detachme 
cian  hypothesis.  In  its  immediate  application  t 
earth,  this  special  form  of  the  meteoritic  hypoth 
to  become  practically  identical  with  the  gaseous  h; 
to  be  subject  to  the  criticisms  urged  against  that 
those  arising  from  the  relations  of  mass  and  momen 
the  most  grave. 

There  arises  also  the  question  whether  such  a 
would  not  actually  pass  into  the  gaseous  condition, 
heat  developed  by  the  frequent  and  violent  coUisio 
To  the  swarm  under  investigation,  Darwin  assignee 
the  radius  of  the  earth's  orbit,  which  involves  a  c 
persion.  At  even  this  dispersed  stage,  he  compute 
the  region  of  the  present  earth's  orbit,  would  oc( 
or  more  per  day,  and  at  an  average  velocity  of  thr 
second.  With  this  frequency  and  velocity,  it  w 
meteorites  could  not  long  escape  comminution  an 
the  comminution  and  vaporization  progressed,  anc 
densed,  the  frequency  of  the  collisions  must  have 
escape  of  the  augmented  heat,  so  caused,  must  1: 
more  obstructed.  The  logical  conclusion  seems  t< 
passage  into  the  gaseous  condition  would  ensue. 

As  this  form  of  the  meteoritic  hypothesis  thi] 
into  the  gaseous  one,  dynamically,  if  not  literall; 

*  '^n  the  Mechanical  Ck)ndition8  of  Swarms  of  Meteorites 
,  Phil.  Trans.  Roy.  Soc,  1888. 
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et^gd  of  the  earth  is  reached,  it  is  not  needful  to  follow  it  further  here, 
where  the  origin  of  the  earth  is  the  subject  of  quest. 

If  lome  other  form  of  the  meteoritic  hypothesis  tenable? — Is  it  pos- 
sible to  postulate,  on  probable  grounds,  some  other  phase  of  meteoritic 
assemblage  that  will  continue  to  be  meteoritic  throughout  its  evolution 
down  to  the  formation  of  the  earth,  and  give  distinctive  geologic  results? 
Prolonged  efforts  on  the  part  of  one  of  the  authors  to  frame  such  a 
h^-pothesis,  in  definite  terms  and  in  a  workable  form,  have  been  attended 
by  imsatisfactory  results  only.  The  difficulties  are  very  grave.  On 
the  one  hand  are  dispersive  agencies  that  tend  to  keep  up  the  scattered 
condition  of  the  meteorites  and  to  prevent  assemblage;  on  the  other 
hand,  if  a  tendency  to  assemblage  be  established,  the  growing  swarm 
seems  sure  to  merge  either  into  the  gaseous  or  quasi-gaseous  condition, 
as  above  outlined,  or  else  into  the  planetesimal  system  presently  to  be 
considered.  The  true  meteoritic  condition  appears  to  be  an  expression 
of  a  dispersive  fimction  which  tends  to  produce  and  to  perpetuate 
a  scattered  state.  An  adequate  discussion  of  the  possibilities  and 
limitations  of  meteoritic  assemblage  is  beyond  our  limits,  but  there 
are  involved  certain  fimdamental  facts  and  principles  of  no  little  impor- 
tance to  the  philosophic  student  of  geology  who  wishes  to  probe,  as 
well  as  he  may,  the  basal  postulates  of  the  earth's  genesis,  and  these 
merit  attention.  The  subject,  to  be  sure,  is  essentially  astronomical, 
but  as  geology  is  the  domestic  chapter  of  astronomy,  the  geological 
student  is  entitled  to  go  as  far  afield  as  his  problem  requires. 

The  two  general  conceptions  of  the  origin  of  the  meteoritic  state. — 
Conceptions  of  the  ulterior  origin  of  the  dispersed  condition  from 
which  evolution  may  be  supposed  to  start,  fall  into  two  general  classes: 
(1)  a  primitive  diffuse  condition,  without  previous  assemblage,  a  kind 
of  mginal  chaos;  or  (2)  a  derived  condition  of  dispersion  arising  from 
the  scattering  of  previous  assemblages  or  the  disruption  of  previous 
bodies.  If  in  the  second  case  the  dispersion  be  so  great  as  to  project 
the  disrupted  material  beyond  the  sphere  of  its  own  gravitative  control, 
its  condition  becomes  dynamically  the  same  as  if  it  originated  in  such 
a  dispersed  condition.  It  is  therefore  only  necessary  to  consider  those 
cases  of  this  class  in  which  the  scattered  matter  remains  imder  its  own 
gravitative  control  and  constitutes  a  diffuse  flock  or  swarm  of  small 
bodies. 
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1.  Assemblage  from  a  Primitive  Stale  of  Di 

Conditions  affecting  the  initiation  of  a  meteoritic  c 

ing  of  a  meteoritic  swarm,  theoretically,  from  di 
moving  in  diverse  directions,  as  typical  meteorites 
grave  obstacle  in  the  high  ratio  of  the  kinetic  energy 
their  mutual  gravitation.  Since  gravitation  is  the  ag« 
and  the  kinetic  energy  of  their  motion  is  the  disp 
obvious  that  if  the  potency  of  the  latter  is  superior  to 
the  conditions  for  gathering  meteorites  into  a  swa 
least  in  general.  The  relations  between  the  kinetic  c 
and  their  mutual  gravitation  therefore  require  consi 
feature. 

The  velocities  of  meteorites. — ^While  the  veloc 
have  been  only  approximately  ascertained,  betwe 
been  directly  measured  and  those  that  have  been  e 
dental  facts,  they  are  sufficiently  well  known  for  the 
discussion.  The  meteorites  which  are  seen  in  the 
earth  from  behind,  and  since  the  earth  is  moving 
average  rate  of  18.5  miles  per  second,  these  meteo: 
it  with  a  velocity  sufficiently  in  excess  of  this  to  b 
in  passing  into  the  atmosphere.  From  present 
velocity  of  meteorites,  when  they  encounter  the  ea: 
estimated  to  be  between  20  and  30  miles  per  se( 
the  velocity  appears  to  reach  40  or  50  miles  per  secc 
The  velocities  of  meteorites  seem  to  be  of  the  same 
ties  of  the  stars,  whose  average  has  recently  been  ] 
at  23  miles  per  second.  This  of  course  is  merely  t 
that  have  been  thus  far  measured,  and  will  doubt 
additional  measurements;  but  this  velocity  may  I 
representative  of  the  velocities  of  stars  and  of  me' 
of  the  sidereal  svstem. 

Now  to  give  to  the  meteoritic  hypothesis  the 
tions,  let  all  the  matter  of  the  sidereal  svstem  be  j 
verted  into  meteorites,  and  let  these  meteorites  have 
and  velocities  identical  with  the  parent  bodies, 
to  assign  them  these  motions  to  preserv^e  the  moi 
*        *?  system  as  the  laws  of  mechanics  require.    Y 
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of  primitive  chaos  in  which  movements  in  all  directions,  with  veloci- 
ties varying  greatly,  but  averaging  twenty  odd  miles  per  second,  pre- 
vail. The  critical  feature  is  the  prodigious  kinetic  energy  which  so 
high  an  average  velocity  involves. 

Now  the  only  effective  known  force  which  might  draw  these  flying 
meteorites  together  into  swarms  and  keep  them  together  is  their  mutual 
gravitation.  Electric  and  magnetic  attractions  might  do  a  certain 
auxiliarj'  work  imder  special  conditions;  but  as  these  attractions  are 
accompanied  by  neutralizing  electric  and  magnetic  repulsions,  the 
differences  between  them  may  probably  be  neglected.^  We  must, 
therefore,  inquire  how  the  controlling  power  of  gravity  compares  with 
the  amoimt  of  kinetic  energy  that  must  be  overcome. 

The  mutual  gravitation  of  small  bodies  is  extremely  feeble.  For 
example,  Moulton  has  computed  that  if  two  spheres  having  specific 
gravities  of  10  and  diameters  of  10  feet,  and  hence  each  weighing  164 
tons,  be  placed  100  feet  apart  and  be  wholly  unaffected  by  any  other 
force  than  their  mutual  attractions,  practically  half  a  day  (11.66  hours) 
will  be  required  for  them  to  draw  themselves  together,  when  each 
has  to  go  only  45  feet.  Their  mean  velocity  is  therefore  less  than 
four  feet  per  hour,  a  scarcely  perceptible  motion.  If  they  were  separated 
to  an  infinite  distance  and  allowed  to  fall  together,  and  thus  to  develop 
the  highest  possible  velocity  which  their  mutual  attraction  could  pro- 
duce, it  would  not  exceed  .012  feet  per  second  (Moulton).  It  is  obvi- 
ous, therefore,  that  if  the  supposed  primitive  meteorites  moved  at  the 
assigned  velocities,  or  at  velocities  even  remotely  approaching  them, 
they  would  be  quite  beyond  the  gravitative  control  of  one  another 
individually.  Such  meteorites,  moving  in  opposite  or  transverse 
directions,  would  pass  by  one  another  without  appreciably  deviating 
from  their  courses,  unless  they  chanced  to  collide.  In  that  case  they 
would  probably  be  shattered  and  dispersed,  because  on  the  average 
they  would  strike  at  velocities  many  times  as  great  as  the  projectiles 
from  the  best  modem  guns.  If  they  remained  unbroken,  they  would, 
if  perfectly  elastic  bodies,  exchange  velocities  and  directions,  or,  if 
perfectly  inelastic  bodies,  would  combine  their  momenta,  unless  they 

*  We  are  here  speaking  of  the  ordinary  phenomena  of  electrical  and  magnetic 
attraction  and  repulsion,  as  commonly  imderstood;  not  of  those  newer  and  pro- 
founder  int^pretatioiis  which  assign  inertia  and  other  phenomena,  including  even 
gn^-hation  itatU,  to  lagnetic  agency;    much  less  the  radical  views  involved 

in  the  elcctromagiied  '  td  matter. 
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were  driven  apart  by  the  explosive  force  of  vapors  f( 
points  of  impact,  as  suggested  by  Darwin.  As  most  boc 
perfectly  elastic  nor  perfectly  inelastic,  an  intermediat 
usually  follow.  In  exceptional  cases,  the  velocities 
enough  to  permit  inelastic  bodies  to  weld  together,  but 
chances  of  disruption,  or  of  elastic  rebound,  would  b 
greater  than  those  of  welding.  Even  in  the  case  of  weh 
is  merely  a  larger  meteorite  in  lieu  of  two  smaller  ones,  a 
is  made  in  the  starting. of  a  meteoritic  swarm,  Besidei 
meteorite  is  subject  to  disruption  by  succeeding  violent 

The  possibilities  of  parallel  movement.  —  Apparei 
working  chance  of  starting  a  swarm  of  meteorites  by  at 
these  adverse  conditions,  lies  in  the  exceptional  case 
moving  in  nearly  parallel  directions,  at  nearly  the  sai 
in  courses  near  one  another.  In  this  case  the  motions  of 
only  antagonize  their  mutual  attractions  to  the  extent 
differences  of  kinetic  energy  as  may  arise  from  their  sli 
of  velocity  and  directions  of  motion.  Under  extremely 
ditions  of  this  kind,  two  meteorites  might  come  into  n 
tive  control  and  revolve  about  their  common  center  of  { 
a  third  one  might  join  them  imder  like  conditions,  and  s 
plane  of  revolution  of  the  third  meteorite  might  chance 
with  that  established  by  the  pair  it  joined,  or  it  might 
its  direction  of  revolution  might  or  might  not  be  the  sam 
fore  extremely  unlikely  that  the  planes  of  revolution  of  ai 
number  of  meteorites,  coming  thus  together,  would  be 
mately  identical,  or  that  the  directions  of  their  revolui 
coincident,  and  hence  opposite  and  cross  revolutions 
with  obvious  liability  to  collisions,  so  that,  in  the  end,  th 
perhaps  develop  into  a  quasi-gaseous  condition. 

A  possible  alternative,  if  the  material  were  suffici- 
might  be  the  mastering  and  killing  out  of  the  movements  • 
of  the  group  by  the  majority  through  a  long  scries  of 
the  development  thereby  of  a  common  direction  of  revoh 
case  the  system  would  take  on  the  orbital,  rather  than  th( 
and  fall  under  the  planetesimal  class. 

The  danger  of  dispersion. — It  must  be  noted,  how 
conditions  fQt>i^*<4^"8  ^^^  growth  of  such  a  swarm — 
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adjacent  movements  at  nearly  equal  speeds — are  very  exceptional, 
and  hence  the  accessions  in  any  given  period  must  be  presumed  to  be 
few  compared  to  the  whole  number  of  meteorites  that  pass  the  place 
of  the  initiating  swarm;  for  all  those  that  have  opposite  and  transverse 
courses  of  any  appreciable  angle,  and  all  those  that,  though  moving 
in  parallel  directions,  have  appreciably  different  velocities,  will  pass 
through  the  point  of  assemblage  with  dangerous  differential  velocities. 
They  are  therefore  liable  to  break  up  the  initiating  swarm  by  colliding 
with  its  members  and  driving  them  beyond  its  gravitative  control. 
This  contingency  is  especially  great  while  the  swarm  is  small,  and  its 
gravitative  command  of  its  members  feeble.  Hence  arises  the  question 
whether  the  swarm's  peril  of  destruction  is  not  greater  than  its  chance 
oi  growing  to  a  self-protecting  size,  so  incomparably  greater,  indeed, 
as  to  render  the  method  an  extremely  improbable  one. 

If  such  a  swarm  succeeds  in  reaching  a  large  mass,  the  proba- 
bilities of  its  holding  its  own  members  and  of  capturing  the  collid- 
ing meteorites,  become  verj'  favorable.  The  growth  of  a  meteoritic 
swarm  or  of  a  nebula  after  it  has  once  gained  a  sufficient  massivenesSj 
IS  therefore  simple  enough  and  probable  enough;  but  the  starting  of  a 
swarm,  and  the  early  stages  of  its  growth,  are  attended  by  extremely 
unfavorable  contingencies. 

The  sparseness  of  distribution  and  its  bearing. — The  extreme  tenuity 
of  the  celestial  matter  hypothetically  thus  disjx^rsed  is  another  vital 
consideration.  The  light  of  a  star  in  a  flight  of  50  years,  at  the  speed 
of  1S6.000  miles  per  second,  does  not  seem,  on  the  average,  to  encounter 
enough  dark  matter  to  seriously  dim  its  brightness.  All  the  matter 
that  lies  between  us  and  the  outermost  visible  stars  does  not  cut  off 
as  much  light  as  the  thinnest  cloud.  On  a  most  liberal  estimate  of  the 
amount  of  meteoritic  matter  encoimtered  by  the  earth  at  present,  it  is 
computed  that  it  would  take  a  billion  years  to  add  an  inch  to  its  sur- 
face.* 

If  all  the  matter  now  aggregated  in  the  stellar  system,  on  any 
reasonable  estimate  of  its  mass  (and  the  known  distribution  and  move- 
ments of  the  celestial  bodies  limit  such  an  estimate),  were  distributed 
through  the  space  now  occupied  by  the  stars,  it  would  not  help  the 
rase  much,  so  far  as  meteoritic  assemblage  is  concerned.  To  illustrate, 
if  the  naatter  of  the  solar  sj'stem  were  scattered  through  the  space  about 

'  Young's  Astronomy,  p.  475;   Woodward,  Astr.  Jour.  1902. 
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it,  stretching  out  half-way  to  the  nearest  stars,  its 
such  that,  if  the  orbit  of  Neptune  were  the  hoop  of  a 
000,000  miles  in  diameter,  and  were  sweeping  throi 
the  rate  of  12  miles  per  second — the  approximate  ve 
with  respect  to  the  stars — it  would  take  some  900,< 
for  it  to  sweep  up  the  scattered  matter.    This  is  probj 
illustration  of  the  average  tenuity  of  the  supposed  dig 
star-grouping  about  the  sun  is  probably  as  dense  as  t 
whole.    This  tenuity  immeasurably  transcends  the 
the  most  effective  air-piunp.    It  would  be  an  extravaj 
use  of  terms  to  call  this  a  *^meteoritic  plenum."    M 
is  fundamentally  dangerous.    The  matter  in  the  hea 
small  in  proportion  to  the  space — almost  inconceivj 
extreme  sparseness  of  distribution  means  that  the  p< 
the  stellar  system  is  enormously  great  in  proportion 
matter.    The  factors  then  that  weigh  in  the  study  of 
blage  are  not  simply,  or  even  predominantly,  mattei 
but  also,  and  particularly,  space  and  motion. 

The  time  factor. — With  such  excessive  tenuity  of 
when  all  known  matter  is  converted  into  meteorite 
potent  obstacles  to  assemblage  as  are  imposed  by 
energy  of  the  meteorites,  it  seems  an  imperative  co 
growth  of  a  meteoritic  assemblage  having  the  mass  o 
must  require  a  period  quite  beyond  comprehensior 
to  the  question  whether  a  swarm  of  meteorites  could 
as  a  swamij  through  such  a  prodigious  period.  M 
first  assembled  pass  on  through  its  own  evolution,  w 
be,  without  awaiting  the  excessively  delayed  asseml 
portions?  If  the  members  of  the  swarm  were  in  coUis 
postulated  by  Lockyer  and  Darwin,  must  not  the  kin 
earlier  assemblage  have  been  exhausted  long  before  th 
later  part?  In  other  words,  must  not  the  first  as 
solid  at  a  relatively  early  stage  in  the  process,  and  th( 
accessions  be  added  individually,  as  meteorites  are  i 
sun  and  planets?  Is  it  a  tenable  view  that  the  mer 
swarm  should  go  on,  without  attendant  evolution 
necessary  for  a  solar  system  is  attained,  and  then, 
enter  upon  an  evolution  into  a  sun-and-planet  systei 
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was  organized  on  the  eoUisional  basis,  nothing  but  a  negative  answer 
seonis  possible.  If  the  meteorites  could  be  supposed  to  come  together 
so  as  to  revolve  in  harmonious  orbits  about  a  common  center,  on  the 
planetarj'  basis,  the  assemblage  might  be  perpetuated,  but  this  takes 
the  case  out  of  the  typical  meteoritic  class,  and  carries  it  over  to  the 
plane  tesimal. 

Under  the  conditions  of  the  case,  it  is  not  apparent  how  a  meteoritic 
nebula  of  the  quasi-gaseous  or  collisional  type  can  grow  up  de  novo  by 
the  assemblage  of  dispersed  meteorites,  or  by  the  aggregation  of  chaotic 
matter,  if  the  material  were  endowed  with  the  present  momentum 
(rf  the  s^^stem. 

2.  Derivation  from  Previous  Aggregates. 

If  the  origin  of  the  nebula  be  assigned  to  the  dispersion  of  some 
pre\'ioiis  large  body,  three  phases  are  conceivable:  (a)  dispersion  by 
explosion,  (6)  dispersion  by  collision,  and  (c)  dispersion  by  tidal  dis- 
ruption. 

(a)  Dispersion  by  explosion. — The  diffuse  state  of  the  parent  nebula 
may  perhaps  be  assigned  to  explosion,  following  the  analogy  of  one 
of  the  hj-potheses  of  the  origin  of  new  stars,  though  it  is  difficult  to 
assign  any  probable  and  adequate  cause  for  such  explosion.  But  if 
it  takes  place,  the  dispersing  force  must  obviously  be  radial,  in  the 
main,  and  after  the  matter  has  made  its  outward  excursion  and  is 
arrested  by  gravitation,  it  must  return  on  nearly  direct  fines  and  col- 
Ude  at  the  virtual  point  of  departure.  The  result  of  this  colfision, 
if  the  dispersion  have  nebular  dimensions,  must  be  the  development 
of  enormous  heat  and  the  probable  conversion  of  the  whole  into  a 
ga.'^eous  body.  If  so,  the  evolution  must  thence  proceed  along  gaseous 
lines.  In  this  case,  nothing  properly  analogous  to  a  meteoritic  con- 
dition is  likely  to  be  developed  in  the  system,  except  as  a  mere  incident, 
and  the  case  does  not  really  belong  imder  the  meteoritic  hypothesis. 
Such  an  explosion  may  indeed  give  rise  to  material  shot  away  beyond 
the  control  of  the  system,  and  this  part  might  be  truly  meteoritic,  but 
it  would  be  lost  to  the  system,  and  fall  under  the  case  already  discussed. 

<b)  Dispersion  by  collision. — If  the  dispersion  be  assigned  to  the 
collision  of  two  large  bodies,  as  postulated  by  Crofi  ^  and  others,  the 
heat  developed  must  be  presumed  to  be  great  enough  to  convert  the 

•  Croll,  Climate  and  Cosmology,  1889.  pp.  297-315. 
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main  mass  into  a  gaseous  state.  If  the  collision  i 
center  encounter,  a  radial  dispersal  of  matter  trans 
of  collision  would  follow;  returning  from  which,  th 
again  collide,  and  after  a  series  of  oscillations  would 
down  into  a  pulsating  gaseous  mass.^  Here  again  t 
become  gaseous  at  the  outset,  and  probably  develo] 
typical  meteoritic  kind  except  possibly  such  spor£ 
might  be  projected  beyond  the  control  of  the  system, 
were  excentric,  a  rotatory  motion  would  doubtles 
upon  the  radial  motion,  and  the  case  would  either  fal 
ous  or  the  orbital  system,  or  imder  a  combination  o 

(c)  Dispersion  by  tidal  disruption.  —  It  has  rec 
gested  that  bodies  passing  close  by  one  another,  b 
may  suffer  disruption  through  their  differential  attrj 
internal  elasticity,^  on  the  principles  developed  by 
and  others.  In  this  case  the  disrupted  elements  are 
movement  in  a  common  direction  and  in  the  plane  o 
initiating  it.  The  dynamics  of  the  system  are  therefc 
set  definitely  of  a  rotatory  or  revolutionary  kind,  ai 
under  the  orbital  or  planetesimal  system  rather  tha 
system. 

It  appears,  therefore,  that  neither  explosion  nor  c< 
disruption  is  likely  to  give  rise  to  a  distinctively  m 
and  no  other  definite  source  is  known  to  us.  Indix 
and  rotatory  or  revolutionary  assemblages  of  disp 
as  well  as  true  gaseous  nebulae,  may  be  supposed  tc 
catastrophes  named,  but  apparently  these  catastrophe: 
priate  agencies  for  producing  fragmental  swarms  of  ' 
meteoritic  type. 

The  Evidence  of  the  Meteorites  Themselv 

The  origin  of  meteorites  boars  on  the  question  w 
the  essential  material  from  which  stellar  systems  are 

*  A  case  of  this  kind  is  described  by  Kelvin,  Popular  Lectun 
1891,  p.  413. 

'  On  the  Possible  Function  of  Disruptive  Approach  in  the  Fo 
ites,  Comets,  and  Nebula^,  T.  C.  Chamberlin,  Astrophys.  Jour.,  "V 
17-40,  and  Jour.  Geol.,  Vol.  IX,  1901,  p.  369. 
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merely  the  incidental  products  of  such  systems,  and  dependent  on  the  pre- 
exigence  of  the  systems. 

Theories  of  the  origin  of  meteorites. — ^Meteorites  have  been  regarded 
(1)  as  matter  projected  from  the  earth  by  volcanoes  and  brought 
back  to  it,  (2)  as  matter  discharged  from  the  moon,  (3)  as  matter 
ej€*cted  from  the  sun  or  from  stars,  (4)  as  dispersed  matter  from  exploded 
stars,  (5)  or  from  exploded  planets  or  satellites,  (6)  as  the  residue 
of  scattered  comets,  (7)  as  fragments  of  tidally  disrupted  atmosphere- 
less  bodies,  such  as  asteroids  and  satellites,  and  (8)  as  accretions  of 
gas  or  fine  particles  of  matter  in  open  space.^  All  but  the  last  pre- 
suppose the  existence  of  the  present  solar  system.  Some  of  them 
further  assume,  by  implication,  that  the  meteorites  constitute  merely 
minute  detachments  from  the  present  system.  A  volcano  cannot 
shoot  away  any  great  part  of  the  body  of  which  it  is  itself,  at  best,  but 
a  small  dependency.  Only  those  dispersive  hypotheses  of  this  group 
that  postulate  the  disruption  of  suns  or  stars  carry  any  presumption 
that  suns  or  stars  would  again  be  formed  from  them,  for  lack  of  mass. 
The  last  hypothesis  alone  assmnes  a  primary  organization.  If  meteor- 
ites are  collected  in  space,  as  rain-drops  are  gathered  in  the  atmos- 
pliere,  and  if  they  then  imite  to  form  solar  systems,  either  through 
nebuUe  or  more  directly,  they  are  the  source  of  such  systems  in  as  true 
and  radical  a  sense  as  rains  are  the  sources  of  lakes.  The  characters 
of  meteorites  should  decide  between  these  alternative  views. 

The  characters  of  meteorites. — ^.-Vmong  the  distinctive  and  sig- 
nificant characters  of  meteorites  are:  their  fragmentary  forms,  their 
brecciated  structures  in  part,  their  occasional  slickensided  surfaces, 
their  veins,  the  glassy  nature  of  a  part  of  their  material,  the  amor- 
phous nature  of  another  part,  and  the  crystalline  nature  of  still  a  third 
and  larger  part,  the  variations  in  the  coarseness  of  the  crj'^stallization, 
the  extraordinarily  large  crj^stals  of  the  nickel-iron,  the  inclasion  of 
non-metallic  crj'stals  and  nodules  in  the  nickel-iron  crystals,  the  scattered 
condition  of  iron  cr\'stals  or  lumps  among  silicate  crj'stals  in  many  cases 
'sporadosiderites),  the  large  proportions  of  the  nickel-iron  and  the 
magnesia,  the  presence  of  peculiar  spheroidal  aggregations  (chondri), 
the  fragmental  nature  of  the  chondri  in  many  instances,  the  absence 
of  water  and  hydrates,  the  absence  of  free  oxygen,  the  absence  of  a 

*  For  an  excdlent  summary  of  the  structure,  constituents,  and  theories  of  meteor- 
Farrington,  Jour.  GeoL,  Vol.  IX,  1901,  pp.  61,  174,  393,  522.  and  623. 


group  of  minerals  common  in  terrestrial  igneous  rock 
orthoclose,  the  acid  plagioclases,  the  micas,  the  amphilx 
nopliehte,  the  presence  of  certain  unstable  chlorides, 
phosphides  unknown  in  the  earth,  and  the  presence 
combustible  hydrocarbons. 

The  bearing  of  these  characters.— These  make  up 
group  of  characters,  whose  origin  can  only  spring  fr 
peculiar  combination  of  conditions. 

While  the  fragmental  condition  of  many  meteoritt 


Fig.  1.  Fio.  2. 

Figs.  1  and  2. — X  meteorite  of  exceptionally  symmetrical  form  one 
one  of  the  very  few  whose  external  form  Riif^gests  a  possible  acerei 
and  here  introduced  on  that  account.  Tlie  tnmcated  crj'stals  of 
Fig.  2,  however,  show  tliat  it  ia  reduced  from  a  larger  mass  of  unk 
coarseness  of  the  nickel-iron  crystals  and  tlieir  arrangement  gi 
that  the  iiiawj  grew  by  accretion  from  a  central  nuclfuw.  Tlic 
iron)  meteorite,  3X5  inches.     New  South  Wales.     (After  A.  Ijvc 

the  earth,  is  tlue  to  fracturing  in  their  passage  through 
we  indications  that  they  already  had  a  fragmental  foi 
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entt-nil  ihc  atmosphere  in  many,  if  not  most,  cases.  This  implies 
;h:ii  iIh'V  are  ]H»rtion.s  of  larger  IkkIics,  ami  that  they  were  not  aggre- 
cii"--!,  a-"  siieh,  in  free  ;?paee  (Figs.  1,  2, 3, ami  4).  At  least  this  appears 
:rui,'  ill  the  case  of  most  of  the  more  massive  meteorites  that  reach  the 


3.— A  niekel-irtm  meteorite  of  irretnilar  fomi.  Hliowing  ohi'iou.siy  thiit  it  ih  but 
>  fRiCinent  or  remnaiH.  Tlie  pits  of  the  siirfupc  arc  ihip  t"  tlii'  rciniiviil  nf  tl>p 
•-A>  -ital'le  material,  probafily  rilicatRx  i>r  mptulMc  cotupniiiiiis.  Iiy  wlik-li  tlic  tiii-kd- 
p-n  was  sninwirHlml,  Canvon  Dtalilo  meie<)ritP,  2(>-7  iliit.  Field  (.'olumliian 
VI:i>*iim.     iPlioto.  Iiy  (t,  (.'.  farrington.) 


-irface  of  the  earth.  Tills  of  itself  does  not  exclude  the  view  that 
:i,f-teoroi<lal  aggregation  may  take  place  in  free  space,  and  that  the 
ajirregates  may  have  entered  into  the  make-up  of  the  larger  hiKlyfroin 
Ttj.ich  the  meteorites  were  derived.  It,  however,  bears  on  the  ques- 
•ii-n  whether  meteorites,  as  a  rule,  were  organized,  as  such,  by  the 
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gathering  together  of  gaseous  matter  or  scattered 
space. 

More  direct  evulence  is  found  in  the  fragmental 
of  the  stony  meteorites.    Among  the  broken  elemt 


Fig,  4. — A  stony  meteorite  Hliowing  frogmentiil  outline  smootliei 
through  the  air,  with  smaller  fracture  KUrfaces  due  to  cs 
course.  Tho  Saline,  Kans.,  meteorite.  Field  Columbian  A 
F.irrington.) 

of  chondri  (Fig.  5).  As  the  chondri  are  aggregations  f 
ites,  their  fragmentation  implies  disruption  and  re-B 
parent  body,  or  at  least  di.sruption  in  an  earlier  stagi 
Ptiint  is  added  to  this  by  the  occurrence  of  larger 
fragments  of  smaller  ones  (Fig.  6).  A  very  singula 
is  ]iresented  by  the  Mount  Joy  meteorite,  which  is 
iron  fragments  (Fig.  7).  These  various  evidences 
imjdy  a  previous  history  affected  by  successive  coi 
(ion  and  fracturing. 

'llie   presence   of  slickensided   surfaces  (Fig.   S) 
body  subjected   to   varying  Ktrecscs,   resulting   first 
afterwards  in  tin;  rubbing  of  the  fis.surc  walls  upon  o 
existence  of  veins  abw  implies  frartui-e  attended  by  s 
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The  general  prevalence,  but  partial  absence,  of  crystallization.,  and 
tho  kinds  of  crj-stallization  imply  varied  thermal  conditions  in  the 
parent  body.  ITie  amorphous  condition  implies  the  absence  of  fusion 
ant!  of  the  cooditions  of  cr^'stallization.  The  glassy  structure  equally 
implies  a  molten  state  follo^ved  by  quick  cooling,  while  the  various 
grades  of  cr>'8tallization  imply  high  temperatures  variously  sustained. 


Fk>.  5. — Section  of  the  Mezo-Madaras  meteorite,  showing  a  inet«oritic  tu(T  niaUp  up 
of  fragments  of  chondri.  Portions  of  broniite,  c)uyBolit«,  and  nickel-iron  chondri 
ran  be  recognized.     (After  Tscliermak.) 

The  extremely  lar^  cn'stals  (Figs,  9  and  11)  suggest  protracted  high 
temperature  nnth  conditions  favorable  for  a  systematic  rearrangrmrnt 
of  the  material.  At  the  same  time  the  cases  in  which  the  metiilHc 
iron  Ls  scattered  through  the  silicate  material  (Fig.  10}  seem,  at  first 
thought,  to  imply  the  absence  of  a  thoroughly  fluid  state  at  the  time 
the  svgri^tion  of  the  iron  began,  since  a  massing  of  the  heavier  metal- 
lic material  toward  the  center  of  gravity  would  naturally  be  expected, 
jurt  as  in  a  blast-furnace  metallic  iron  promptly  separates  from  slag- 
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but  the  presence  of  such  scattered  lumps  of  iron 
lanil '  at  least  limits  the  force  of  the  inference, 
the  mass  was  very  viscous,  or  that  the  metalhc 
mately  diffused  through  the  rock-substance  prt 


Fio.  0. — Suction  of  tlie  DliUHnsala 

chondrua  inclosing  a  smaller  monosomalic  one.     Bot 
lite.      X8.     (After  Tschermak.) 

of  crj-stallization,  or  that  the  motion  of  the  mo! 
to  permit  gravitative  segregation,  or  that  thes 
their  effects.  In  addition,  it  is  to.lx"  noted 
temperature,  acting  on  a  mixed  mass  of  matei 
tions  suitable  for  stow  aggregation  and  cry 
without  the  melting-point  being  reached,  and 
one  of  the  agencies  by  wliieh  tlicso  singular  com 
It  is  hard  to  believe  that  these  coarse  crys 

'  For  a  careful  despription  and  figures,  sec  The  Rocks  of 
W.  C.  Plialen.  Siiiithsonian  J(isc.  Coll.,  Vol.  1.  Pts.  1  an 
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i:ilicn  place  in  small  masses  of  matter  projected  into  space  in  the 
nmlien  condition,  and  the  view  that  meteorites  are  formed  directly 
[nun  lavas  shot  into  space  by  volcanic  or  other  explosive  action,  as 
[miri  a  sun,  a  planet,  or  the  moon,  is,  therefore,  unsatisfactory.  Equally 
iiiicrse  to  this  view  is  the  extraordinary  fact  that  certain  classes  of 
iwiTOrites  are  formed  chiefly  of  hydrocarbons  which  are  volatile  at 


mmlerately  high  temperatures,  antl  are  readily  combustible.  These 
hydrocarbons  seem  prohibitive  of  high  temperatures  at  all  stages  of 
(heir  historj',  and  it  is  a  mar\'el  that  they  should  survive  the  transit 
through  the  atmosphere;  but  this  is  probably  due  to  the  fact  that  the 
meteorites  were  excessively  cold  when  they  entered  the  atmosphere 
md.  during  the  brief  time  of  transit,  were  only  superficially  consumed, 
iriiUe  their  interiors  remained  cold,  as  the  interiors  of  meteorites  are 
not  infrequently  found  to  bo,  immetliately  after  their  fall. 

Igneous  processes  on  the  earth  give  rise  to  magmatic  differentiation 
multing  in  a  familiar  series  of  minerals  which  make  up  large  portions 
of  the  crj-stalline  rocks  of  the  earth's  surface.  So  also,  weathering 
umI  solution  remove  more  of  the  basic  than  of  the  acidic  constituents 
[j  erifitalline  rock,  and  when  the  residue  is  metamorphosed,  a  similar 
irries  of  minerals  arises.  Among  these  are  quartz,  orthoclase,  the 
itiil  plagioclases,  the  micas  and  the  amphiboles,  a  group  absent  fro' 
the  meteorites.    Their  absence  suggests  that,  in  the  parent  body,  n 
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matic  differentiation  of  this  kind,  as  well  as  selectivi 
not  take  place.  This,  however,  does  not  necessarily 
action,  nor  nonhydrous  weathering,  but  merely  the 
of  weathering  and  magmatic  differentiation  that  pre- 
and  probably  in  similar  bodies  having  atmospheres  a 


Tlie  absence  of  water,  of  hydrates,  and  of  free  i 
testimony  against  the  derivation  of  the  meteorites  frc 
bodies  like  the  earth. 

Tlie  high  velocities  and  the  diverse  directions  oi 
flights  relative  to  the  earth  forbid  assigning  their  or 
tn  vulcanic  action  in  tlie  moon  or  any  of  the  planets.  Si 
niiglit  be  given  by  a  solar  explosion,  but  the  directions 
and  not  promiscuous.    Explosive  action  within  the  so 
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liiivc  made  an  occasional  nieteoroidal  contribution,  but  scarcely  more 
\\\M\  that. 

Taken  altogether,  the  combination  of  charactoristics  present**d 
l.y  meteorites  seems  to  fail  of  satisfactory  explanation  on  any  hyix)the- 
^L■i  of  their  direct  derivation  from  a  sim  or  star,  or  from  a  planet  sur- 
rounded by  a  hydrosphere  or  an  oxygen-bearing  atmosphere,  or  from 
any  planetary*    body   affected  by  mineralc^c  differentiations  of  the 


,-   >,— rvciiuu  «"   ''*   Franeeville 
't[*  nkkel-iioD  (Widmanrtiilten  ligui 
Ward.) 


■.T*>strial  tj-pe.     No  more  do  they  seem  to  find  satisfactory  expluiia- 
■  .n  in  simple  accretion  in  free  space. 

Possible  derivation  from  atmosphereless  bodies.  —  It  rpTiiains  to 
'..iiiirr'  whether  small,  atmosphereless  bodies,  like  the  asteroids  and 
'■i-  -atellite:'.  afford  a  more  probable  source,  or  whether  new  hyixithescs 
•:.Wi  be  sought.  Small  celestial  bodies  are  believed  to  he  devoid  of 
:.ti:io-[>heres  and  hydrospheres  because  their  gravity  is  too  low  to 
,.v.-rniatch  the  molecular  velocities  of  the  atmasplieric  gases  and  the 
v;,[-.r  of  water.     This  interpretation   carries   the  corollary  that  they 


novor  have  had  permanent  atmospheres  and  h] 
thus  meet  the  requisite  explanation  of  the  absence  of 
If  built  up  by  accretion,  they  should  contain  the  i 
material,  and,  if  formed  in  some  other  way,  they  i 
variety.  In  their  different  parts,  they  may  present 
tural  characteristics.  The  asteroids  and  satelhtes 
subject  to  deformations,  attended  by  fractures, 
slickensides  and  similar  dynamic  phenomena,    Eruj 


Fi«.  10. — .Section  of  llie  lirei)ltaiii.  Ktins.,  meteorite,  sliowiii^  a 
ture  of  nickt'1-iron,  llie  ]iglit-n>loroil  {M>rIion,  and  silirat 
pounds,  tlie  dark  porlum,     Ward-('oonley  ("ollectiou.     (Fror 

action,  as  well  as  the  impact  of  bodies  falling  from 
liave  contributetl  tlie  various  forms  of  fragmental 
plassy  material.  Tlie  absence  of  a  protecting  at 
their  surfaces  to  the  full  striking  force  of  falling  bo 
disrupting  effects  of  extreme  changes  of  tcmix-rature. 
and  at  sliglit  depths,  amoriilious  material,  as  well  as  j 
cr\'stalline  rock,  may  have  Ix-en  formed.  At  greater 
ing  conditions  of  pressun*  and  tomiH-rature  requisite  I 
and  coarser  crj'stallization  may  have  been  posses 
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on^  may  be  assigned  to  inorganic  action  within  the  asterotdal 
■,  the  material  being  derived  from  the  hydrogen  and  carbon  gases 
3unilant1y  occluded  in  meteorites  and  crj'stalline  rocks,  the  requi- 
temperatures  and  pressures  being  supplied  by  the  internal  eompres- 
of  the  botly. 
D  these  small  bodies,  then,  it  is  perhaps  possible  to  find  that 


I. — A  partial  section  and  a  portion  of  the  exti 
la^  .  metrorite,  shovinp,  in  close   relations,  a 
u   and   an   intersegregation  of  metallic    and    i 
M    the   «an>e  ftoneral   ronditionti  e 
fuli-y  CoUeetion.     (From  Ward.) 

lordinarj"  combination   of  conditions  which  the   nature   of  the 
oritps  implies. 

I  remains  to  postulate  a  means  of  disruption  and  an  agency  of 
Tsion    competent    to  give   the  disrupted   fragments  the  erratio 
?es  and  the  high  velocities  which  meteorites  possess,  while  at  t! 
■  time  the  structural  features,  sometimes  rather  perishable,  escape 
iiction  by  liquefaction  or  extreme  pulverization, 


the        ^ 
ipe^^l 
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Hypotheses  of  disruption  and  dispersion. — ^Any  su 
from  an  internal  source  is  unsatisfactory  because  it  is 
a  sufficient  and  probable  cause  for  an  explosion  capj 
a  velocity  of  several  miles  per  second,  which  wo 
required  to  disperse  the  fragments  beyond  the  contr 
to  which  the  body  belonged,  and  because,  if  such  s\ 
were  realized,  it  must  apparently  wreck  many  of  the  p 
structures. 

Collision  with  some  other  mass  at  a  high  velocit 
cient  to  disrupt  the  body  and  to  drive  its  fragment 
requisite  velocity;  but  the  imminent  danger  of  liq 
inevitable  heat  of  the  impact,  or  of  extreme  pulverizat 
material,  raises  doubt  as  to  the  adaptability  of  coUis 
some  of  the  stony  meteorites  of  large  size,  and  of 
meteorites,  while  it  might  answer  well  enough  for  n 
The  relative  rarity  of  collision  also  suggests  a  seconds 
an  agency. 

It  has  recently  been  suggested  ^  that  disruption  1 
traction  might  satisfy  the  requirements  of  the  case,  ^ 
doubt  as  to  adequate  frequency.  According  to  prin 
by  Roche,  Maxwell  and  others,  a  small  body  passing 
distance  (the  Roche  limit)  of  a  larger  dense  body 
fragments  by  differential  attraction.  The  size  of  tl 
ruption  depends  on  the  densities,  cohesion,  interm 
other  factors  of  the  two  bodies.  For  incompressible 
density,  Roche  gives  the  limit  of  disruption  as  2.44 
of  the  large  body.  In  most  such  bodies,  internal  ( 
exceeds  cohesion  and  the  sphere  of  disruption  would  t 
The  moon  would  probably  expand  with  some  viole 
were  suddenly  removed  by  differential  attraction, 
this  way  would  therefore  be  several  times  more  ; 
actual  collision.  The  fragmentation  in  this  case  is 
violent. 

A  small  body  passing  near  a  much  larger  body  is  1' 
from  its  previous  orbit  into  quite  a  new  one.  Th 
happened  to  several  comets  through  the  influence  of  1 

*  Chamberlin,  On  the  Possible  Function  of  Disruptive  Apj 
tion  of  Meteorites,  Comets,  and  Nebula;.    Loc.  cit. 
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If  the  orbit  of  the  small  body  is  such  that  it  is  caused  to  pass  in  front 
of  the  large  body,  say  the  planet  Jupiter,  its  course  will  be  diverted 
toward  the  sun,  and  its  orbit  shortened.  If  its  course  causes  it  to  pass 
close  behind  the  large  body,  its  path  vnll  be  diverted  into  a  larger  orbit. 
If  a  small  boily  were  to  pass  in  this  way  sufficiently  near  to  Jupiter,  it 
might  be  throwTi  entirely  out  of  the  solar  system.^ 

In  these  two  sets  of  principles,  there  is  a  combination  peculiarly 
fitted  for  the  results  required,  for,  by  their  joint  action,  a  small  body 
passing  near  a  large  body  is  liable  to  be  disrupted  into  fragments, 
ami,  at  the  same  time,  to  be  thrown  into  an  erratic  course  which  may 
cam-  it  entirely  outside  the  system  to  which  it  belonged,  and  may  give 
it  a  parabolic  or  hyi)erbolic  course  in  stellar  space.  Fragmentation 
an«l  dispersal  by  the  differential  attraction  of  very  close  approach 
escapes  all  of  the  adverse  contingencies  of  liquefaction  and  pulveriza- 
tion incident  to  explosion  or  collision. 

If  the  quc^stion  be  pushed  a  step  farther  to  inquire  how  small  bodies 
like  the  asteroids  may  be  rendered  specially  subject  to  the  requisite 
close  approach,  the  answer  may  be  found  in  the  approach  of  suns, 
attended  by  such  secondaries,  to  one  another.  For  example,  if  the 
solar  system  were  to  pass  even  within  five  or  six  billion  miles  of  a  simi- 
lar sj'stem,  the  orbits  of  the  secondaries  would  be  very  greatly  per- 
turbe<l,  and  the  balance  between  the  centripetal  and  centrifugal  ac- 
celerations, which  now  preserves  the  harmony  of  the  system,  would 
\fc  so  seriously  disturbed  that  an  intricate  and  prolonged  series  of 
changes  woiJd  ensue.  These  are  too  complicated  to  be  followed  com- 
pletely, but  it  is  reasonable  to  believe  that  they  might  involve,  sooner 
or  later,  the  close  approach  of  some  of  the  smaller  bodies  to  some  of 
the  larger.  These  smaller  bodies  in  the  solar  system  are  numbered 
by  hundreds,  and  the  same  may  be  suspected  of  other  systems,  and 
this  largeness  of  number  adds  to  the  probabilities  of  some  close  ap- 
{»roaches  during  a  condition  of  general  disturbance. 

The  solar  system  Is  probably  not  the  most  favorable  selection  for 
illa^t rating  the  contingencies  of  such  disturbance,  for  it  is  a  simple 
wlaie^l  sj-stem,  with  a  single  overpowering  center  that  sways  its 
attendants  by  a  scarcely  disputed  control.  It  has  swept  through 
space  undisturbed  throughout  the  period  of  its  present  organization. 

'  These  principleB  have  been  worked  out  elaborately  by  H.  A.  Newton,  Am.  Joi* 
Sri.  16.  1878,  pp.  165-179. 
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But  there  axe  many  binaxy,  triple,  multiple,  and  clus 
Sims  which  apparently  divide  the  control  of  a  commc 
control  may  reasonably  be  supposed  to  involve  approa 
nearness  to  one  another  to  seriously  perturb  their  outl; 
and  introduce  disturbances  ultimately  involving  disruj 
The  nebulous  matter  associated  with  some  of  these  < 
perhaps  implies  something  of  this  kind. 

Relations  of  meteorites  to  comets. — ^The  h3rpothef 
by  differential  attraction  goes  one  step  farther  in  posi 
disrupted  group  of  fragments  may,  in  its  earlier  histc 
comet,  since  it  is  the  general  belief  of  astronomers  t 
head  is  composed  of  a  cluster  of  small  bodies.  The  pec 
which  arise  from  a  comet  may  perhaps  be  referred 
the  occluded  vapors  and  the  radio-active  substances 
asteroid,  as  to  any  other  recognizable  source.  The  r( 
of  the  prevalence  of  radio-activity  and  allied  phenoi 
cometic  emanations  less  strange  and  exceptional  than  tl 

The  fragments  of  an  asteroid,  or  other  small  body, 
manner  would  be  given  a  rotatory  movement  by  the  di 
tion  that  produced  them,  and  hence  the  resulting  clus 
should  revolve  about  its  center  of  gravity  in  a  somewh; 
but  at  the  same  time  in  more  or  less  irregular  and  inh 
as  the  result  of  the  incidents  of  disruption,  and  this  m 
subject  to  mutual  disturbance,  and  to  frictional  and  gli 
If  later  conditions  permitted  a  re-aggregation,  a  highly 
would  result. 

It  is  now  accepted  as  highly  probable  that  comets,  p 
that  have  short  orbits  and  frequently  return  to  the  vie 
are  gradually  dispersed  by  the  latter^s  differential 
mutual  gravity  of  the  cometic  fragments  being  very  i 
ential  gravity  of  the  sun,  in  its  own  neighborhood,  1: 
to  it,  and  the  members  of  the  cometary  cluster  are  d 
thenceforth  revolve  about  the  sun  in  their  own  indivii 
spective  of  the  other  members.    In  other  words,  the 
oritic  fragments  that  constitutes  the  comet's  head 
planetesimal  state  by  dispersion.    In  this  we  have  an 
tendency  of  a  swarm  to  pass  into  a  planetesimal  con 
allusion  has  heretofore  been  made. 
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These  planetesimals  constitute  one  variety  of  meteoroidal  bodies, 
and  it  is  to  these  that  the  brilliant  August  and  September  meteoritic 
showers  are  assigned.  It  has  not  been  quite  demonstrated  that  they 
are  identical  with  the  iron  and  stone  meteorites  above  described,  for 
they  do  not  generally  reach  the  earth,  and  it  is  not  positively  known 
that  they  have  done  so  in  any  case,  though  one  case  of  high  probability 
is  known;  but  their  essential  identity  is  extremely  probable.  In  the 
fact  that  they  have  come  to  have  individual  orbits  about  the  sim, 
and  that  these  orbits  are  roughly  parallel  to  one  another,  and  that 
their  velocities  are  of  the  same  order,  they  do  not  represent  the  ts^pical 
meteoritic  condition,  as  heretofore  defined.  They  rather  illustrate 
the  planetesimal  phase  of  the  meteoroidal  condition. 

The  foregoing  hypothesis  of  the  origin  of  meteorites  makes  them 
but  an  incidental  result  of  stellar  and  planetary  action.  Their  genesis 
is  wholly  a  secondary  matter,  and  furnishes  no  ground  for  regarding 
meteorites  as  the  parent  material  of  great  nebulae  or  of  stellar  systems. 
The  quantity  of  matter  dispersed  in  this  way  is,  by  the  terms  of  the 
hypothesis,  limited  to  an  extremely  small  part  of  the  total  mass  of 
the  system  from  which  it  is  derived.  It  is  therefore  regarded  rather 
as  an  incidental  result  of  tri^'ial  importance  than  as  a  primary  con- 
dition capable  of  generating  great  systems.  This  scattered  matter 
is  presumed  to  be  picked  up  bit  by  bit  by  all  the  larger  bodies,  as 
is  being  done  daily  by  the  earth;  and  the  maintenance  of  the  supply 
requires  only  the  disruption  of  small  bodies  to  an  extent  equal  to  the 
tri\Tal  masses  gathered  in  by  the  existing  suns  and  planets.  The 
exceeilingly  small  amount  of  meteoritic  material  picked  up  by  the 
earth  is  in  harmony  with  this  interpretation. 

The  hjTWthetical  nature  of  this  discussion  of  meteorites  will  be 
noted  and  due  reserve  in  building  other  views  upon  it  should  be  exer- 
cu^ed,  but  the  suggestions  made  in  it  may  have  some  value  in  rounding 
out  a  consistent  conception  of  the  factors  involved  in  the  complex 
problem  of  which  earth-genesis  is  a  part,  and  may  be  helpful  in  dis- 
tingmshing  between  competent  generating  factors  and  merely  inci- 
dental by-products. 

In  conclusion,  it  may  be  remarked  that  the  meteoritic  condition 
seems  most  probably  to  be  the  product  of  incidental  dispersion,  and 
to  be  the  source  of  merely  incidental  accretion  by  existing  bodies, 
having  neither  great  magnitude  nor  importance.    It  does  not  sef 
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to  represent  a  great  generative  method  whereby  s 
evolved.  Originated,  by  hypothesis,  in  dispersion, 
gent  in  its  own  tendencies,  passing  into  the  gaseom 
hand,  or  into  the  planetesimal  on  the  other,  or,  es( 
depleted  by  contributing  its  constituents,  one  by  on< 
and  planets. 

III.  The  Planetesimal  Hypothesii 

Under  the  ts^pical  form  of  the  planetesimal  hypoth 
that  the  parent  nebula  of  the  solar  system  was  form< 
small  bodies,  planetesimals,  revolving  about  a  cent 
much  as  do  the  planets  today.    The  evolution  of 
sisted  in  the  aggregation  of  these  innumerable  small 
fewer  large  ones;  in  other  words,  in  a  transition  fror 
a  planetary  system.    The  hypothesis,  therefore,  posi 
mental  change  in  the  system  of  dynamics,  after  the 
formed,  but  only  an  assemblage  of  the  scattered  ma 
of  dispersion  of  the  material  at  the  outset  and  thr< 
was  maintained  by  orbital  revolution,  or,  more  clos 
the  centrifugal  acceleration  arising  from  revolution, 
hypothesis  by  no  means  excludes  gases  from  playir 
parent  nebula,  or  in  its  evolution,  any  more  than  it  den 
in  the  sim  or  the  atmosphere  to-day,  but  it  assigns  1 
a  subordinate  place  in  the  evolution  of  the  planetary 
planetesimal  condition  had  become  established. 

Subvarieties  of  the  hypothesis. 

Under  the  broad  general  conception  that  planets  g 
esimals,  it  is  possible  to  entertain  different  views  as  t 
origin  of  the  planetesimal  condition.    That  condition  i 

*  This  hypothesis  has  been  gradually  developed  by  the  senior 
during  the  past  decade,  with  the  very  important  advice  and  aid  o. 
and  other  scientific  friends.  Partial  expositions  have  been  ma 
societies  at  different  times,  and  a  somewhat  extended  statemei 
liook  No.  3,  Carnegie  Institution,  19()5,  pp.  208-253,  but  this  is  its 
with  illustrations.  A  statement  from  the  standpoint  of  a  mathe 
and  a  master  in  celestial  dynamics  will  be  made  by  Dr.  Moulton 
work  on  astronomy. 


f, 
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growth  of  a  gaseous  spheroid  of  the  Laplacian  t3rpe,  or  it  might  pos- 
sibly be  developed  from  a  meteoiitic  state  mid^  obtain  conditions, 
or  it  mi^t  arise  from  the  mode  of  di;^)ersion  to  which  the  nebula  itself 
w:us  due.    This  last  b  taken  as  the  type  case. 

Planrtfimud  condition  arising  from  a  gaseous  qiheioid. — ^If  the 
parent  nebula  w»ie  a  gaseous  spheroid,  as  assumed  by  Laplace,  and 
were  to  detach  mat^ial  from  its  equatorial  belt,  molecule  by  molecule, 
rather  than  by  rings,  these  molecules  would  probably  become  planetesi- 
nials  instead  of  members  of  a  true  gaseous  body.  It  is  not  the  thought 
that  these  molecules  would  be  thrown  off  directly  into  planetesimal 
orbits,  because  their  initial  paths  would  probably  be  ellipses  that 
would  bring  them  back  to  the  point  of  departure;  but  that,  by  cer- 
tain classes  of  collisions  while  in  these  elliptical  orbits,  they  would  be 
diverted  into  orbits  that  would  not  bring  them  again  into  collision 
with  the  parent  spheroid.  It  is  not  of  sufficient  importance  to  this 
discussion  to  explain  in  detail  the  process  by  which  this  would  be 
accomplished,  but  the  ingenious  student  will  readily  work  it  out  for 
himself.  There  is  reason  to  believe  that  this  method  would  really 
be  almost  the  only  systematic  one  by  which  a  gaseous  spheroid  of 
the  Laplacian  iype  would  detach  material  from  its  equatorial  belt. 

But  granting  that  this  be  not  true,  and  that  an  earth-moon  gase- 
ous ring  was  formed,  as  assumed  in  the  Laplacian  h}T)othesis,  com- 
putation shows  that  its  attractive  power  at  any  one  point  on  its  sur- 
face would  be  very  low.  If  the  present  earth  were  converted  into  a 
solid  ring,  occupying  its  present  orbit,  it  would  have  a  diameter  of 
about  twenty-five  miles,  with  its  present  average  density.  Compu- 
tation is  scarcely  necessary  to  show  that  the  gra^^ty  of  this  ring,  at 
any  point  on  its  surface,  would  be  very  feeble;  and  it  is  ob\'ious  that 
this  graNnty  must  be  greater  than  the  gravity  on  the  surface  of  the  same 
matter  when  dispersed  in  the  form  of  a  gas  by  intense  heat.  Now 
the  application  of  the  kinetic  theory  of  gases  to  such  a  ring,  under 
the  postulated  temperature,  forces  the  conviction  that  the  molecules 
would  have  been  so  driven  apart  by  mutual  collision  that  they  would 
have  become  essentially  independent  of  one  another,  each  revolving 
b  its  indi^ndual  orbit,  with  only  rare  and  incidental  collisions.  In 
other  words,  they  would  have  become  planetesimals  controlled  by 
the  central  mass,  and  not  a  gaseous  aggregate  controlled  by  its  o\\ti 
gravity.    They  would,  therefore,  not  have  been  concentrated  by  direct 
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attraction,  on  the  principles  controlling  a  cooling  g 
would  have  been  subject  to  accretion,  one  by  one,  in  th 
to  be  described. 

Planetesimal  condition  arising  from  the  meteoriti* 

circumstances,  meteorites  might  possibly  be  assembl 
that  they  would  come  to  revolve  in  concentric  orbits 
mon  center  of  gravity,  and  thus  assume  a  quasi-pl 
tion,  in  contradistinction  to  that  of  a  typical  swarm 
which  each  is  habitually  drawn  toward  the  center,  colli 
after  the  fashion  of  gaseous  molecules,  as  conceived 
Darwin.  The  meteoroids  that  are  formed  by  the  disp 
such  as  constitute  the  belts  that  give  rise  to  the  Augu 
meteoric  showers,  are  probably  in  the  planetesimal 
collision-reboimd  condition,  and  are  becoming  more  ar 
and  individually  independent,  as  time  goes  on. 

Planetesimal  condition  arising  from  original  neb 
The  type  view,  however,  assumes  that  the  parent  neb 
esimal  organization  from  the  outset.  The  conce 
radical  departure  from  the  gaseous  conception  of  . 
meteoritic  conception  of  Lockyer,  so  far  as  funda 
and  mode  of  evolution  are  concerned.  In  the  foUowir 
special  phase  of  this  view  will  be  adopted,  partly  for  th 
ness  and  such  clearness  as  the  complexity  of  the  sut 
and  partly  for  the  following  reasons: 

(1)  It  postulates  that  form  of  nebula  which  is  by  far 
the  spiral; 

(2)  This  fomi  of  nebula  gives  a  spectrum  consistent  u 
constitution^  ifj  indeed,  it  does  not  directly  imply  such  ( 

(3)  This  form  of  nebula  seems  to  possess  the  requisite 
and  momenta; 

(4)  The  special  view  of  the  origin  of  this  form  of  nei 
that  which  is  liable  to  happen,  is  simple  in  its  basal  even 
catastrophic  as  the  genesis  of  a  system  can  well  be  assv 

While  this  will  be  followed  as  the  type  view,  lei 
noted  that  the  planetesimal  doctrine  of  accretion  does 
with  this  particular  conception.  As  a  first  step  in 
let  us  turn  to  the  heavens  for  such  light  as  existing  i 
upon  their  own  origin  and  constitution. 
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The  characteristics  of  present  nebvlce. 

So  far  as  their  constitution  is  now  revealed  by  the  spectroscope, 
nebu]^  fall  into  two  general  classes,  the  one  characterized  by  bright 
spectral  lines,  the  other  by  a  continuous  spectnun. 

1.  Free-molecular  nebulas. — ^The  first  are  usually  said  to  be  gaseous, 
but  this  not  a  sufficiently  accurate  designation.  The  bright  lines  of  the 
spectrum  can  only  be  affirmed  to  indicate  that  the  matter  of  the  nebulie 
is  in  a  free-molecular  condition.  They  do  not  certainly  indicate  whether 
(1)  the  molecules  are  in  the  collisional  relations  of  gaseous  molecules, 
or  (2)  are  scattered  widely,  like  the  stars  of  heaven,  so  that  collisions 
are  rare  and  incidental,  or  (3)  are  moving  on  radiating  or  on  parallel 
lines,  or  (4)  are  pursuing  concentric  orbits  and  are  thus  planetesimal  in 
d\Tiamic  character.  For  the  purposes  of  this  discussion,  where  dynamic 
tlistinctions  are  important,  these  nebulae  may  be  designated,  with  due 
reserve,  simply  as  free-molecular  nebulce.  They  often  have  a  greenish 
cast  from  the  predominance  of  green  lines  in  their  spectra,  and  are 
conveniently  styled  green  nebulae.  The  bright  spectral  lines  indicate 
the  dominance  of  hydrogen,  helium,  and  an  otherwise  unkno\vn  element, 
or  elements,  provisionally  called  nebulium.  There  are  occasionally  a 
few  other  non-metallic  elements,  but  metals  have  not  been  detected. 
Their  constitution,  as  now  determined,  does  not,  therefore,  fit  them 
for  the  parentage  of  our  earth,  in  which  metals  abound  and  in  which 
hvdrogen  and  helium  are  subordinate  elements,  while  nebulium  is 
unknown.  The  possibility  of  transmutation  into  suitable  elements  can- 
not, to  be  sure,  be  safely  denied  in  these  days  of  revolutionary  dis- 
coveries. The  class  includes  the  "planetary,"  the  "stellar,"  the 
"ring,"  and  most  of  the  irregular  nebula?. 

Almost  identical  with  the  spectra  of  these  nebula?  are  the  spectra 
developed  in  an  early  phase  of  the  declining  stages  of  the  new  stars  that 
occa'^ionally  flash  forth  with  sudden  brilliancy  and  soon  die  away  to 
obscurity  or  extinction,  continuous  spectra  sometimes  marking  the 
later  stages.  While  the  origin  of  these  "A^'oro?"  is  unknown,  the  con- 
jecture that  they  are  due  to  collision  or  to  explosion  has  been  enter- 
tained, and  this  conception  has  also  been  extended  to  the  free-molecular 
cUlss  of  nebute.  By  remote  and  imcertain  speculation  under  the 
stimulus  of  recent  revolutionary  discoveries  in  dissociation,  the  vio- 
lence of  their  assigned  origin  may  be  in  some  way  correlated  with 
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extremely  low  molecular  weights  of  their  constitutei 
their  apparently  elementary  condition.    It  is  a  fi: 
fact  that  the  early  spectra  of  these  new  stars  and  t 
are  closely  similar  to  those  of  the  "helium  stars"  an( 
stars",  which  astronomers  usually  place  in  the  first  or 
in  evolutionary  classifications  of  the  stars.    There  i 
groimd,  therefore,  for  linking  together  in  genetic  stij 
the  NovoB,  and  the  helium-hydrogen-nebulium  nebulae, 
upon  them  provisionally,  as  primitive  states.    If  oui 
genesis  of  stars,  these  would  seem  to  point  the  way,  sc 
does  at  present;   but  our  quest  is  the  genesis  of  the 
planets,  in  one  of  which  our  study  centers;  and  the  ger 
is  not  necessarily  and  immediately  connected  with  the 
Nebulous  bodies  composed  of  helium,  hydrogen,  and 
nebulium  might,  for  aught  science  dare  now  affirm, 
into  material  of  the  complex  terrestrial  type;  but  th 
rather  too  bold  for  prudent  use  as  a  basal  factor  in 
hypothesis. 

The  forms  of  the  helium-hydrogen-nebulium  nebu 
more  promising  for  planetary  evolution,  when  their  dy 
ties  are  considered.  While  observation  has,  as  yet,  de 
nothing  as  to  their  internal  movements,  their  forms  d 
the  belief  that  they  would,  under  known  laws,  evolve 
characterized  by  the  peculiar  distribution  of  mass  \ 
which  the  solar  system  presents.  For  the  present, 
nebulae  may  be  passed  by  in  a  search  for  the  immediat 
earth. 

2.  Aggregate-molecular  (planetesimal  ?)  nebulae. — 1 
of  nebulae  give  continuous  spectra,  and  are  convenient 
nebulae.  The  continuous  spectrum  is  interpreted  to  r 
chief  luminous  material  is  in  a  liquid  or  solid  state,  or 
that  the  molecules  are  in  an  aggregated  state,  in  distir 
free  state  of  the  previous  class.  As  the  liquid  conditic 
a  rather  narrow  range  of  temperature,  and  as  this  rang 
ent  for  different  materials,  it  is  improbable  that  any  lai 
nebula  is  in  this  state,  and  the  whole  may  be  convenic 
though  solid,  but  in  a  finely  divided  condition.  This  h 
seciris  necessary,  for  the  volume  of  these  nebula>  is  of 
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an«l  yet  they  appear  to  intercept  but  little  li^t,  and  give  no  signs  of 
prat  attractive  power. 

The  ilominant  form  of  these  nebuke  is  the  spiral,  as  determined  by 
the  late  Professor  Keeler,*  and  this  form  particularly  characterizes  the 
smaller  nebube  recently  brou^t  to  knowledge  by  improved  instru- 
ments and  manipulative  skill.  These  newly  discovered  nebulae  are 
e^imateci  to  number  at  least  ten  times  the  ^ole  number  previously 
known.  From  the  superior  nimiber  of  spiral  nebuke  it  is  a  safe  inference 
that  their  peculiar  forms  represent  some  prevalent  process  in  celestial 
dynamics.  That  is,  in  itself,  a  reason  ^y  research  should  tinn  to 
them  by  preference  for  the  origin  of  the  present  solar  system. 

Nothing  is  yet  positively  known  of  the  motions  of  the  parts  of  these 
spirals,  for  time  enough  has  not  yet  elapsed  since  they  were  first  sharply 
photographed  to  permit  the  requisite  comparisons.  Inferences  from 
their  remarkable  forms  are  the  only  present  resource.  The  accom- 
panying photographic  illustrations  of  some  of  the  larger  and  more 
distinct  forms  will  permit  independent  judgment  as  to  the  validity  of 
these  inferences  (Tigs.  12  to  21).  To  us  their  peculiar  forms  seem 
to  imply  that  the  spirals  sprang  from  a  combined  outward  and  rotatory 
movement.  The  outward  movement  mav  have  been  alreadv  checked 
by  the  gravity  of  the  central  mass,  and  the  rotatory  motion  be  domi- 
nant at  present,  but  their  forms  seem  still  to  bear  the  impress  of  an 
outward  movement.     If  the  outward  movement  has  ceased,  or  when  it 

*  Tlie  profoundly  lamented  death  of  Professor  Keeler,  just  as  he  was  bej^ning 
to  reap  the  rich  fruits  of  his  skill  and  patience  in  nebular  in  vest  i^t  ions,  g:ives 
historical  value  to  his  late^  statement  of  results,  published  alxjut  two  months 
before  his  death. 

•'1.  Many  thousands  of  unrecorded  nebuhe  exist  in  the  sky.  A  conservative 
estimate  places  the  nimiber  within  reach  of  the  Croasley  reflector  at  about  120,000. 
The  number  of  nebulae  in  our  catalogues  is  but  a  small  fraction  of  tliis. 

"  1.  These  nebula^  exhibit  all  gradations  of  apparent  size  from  the  great  nebula  in 
A  ndromeda  down  to  an  object  which  is  hardly  di.<ninguishable  from  a  faint  star-disk. 

"3.  Most  of  these  nebulae  have  a  spiral  structure.  ... 

••While  1  must  leave  to  otheis  an  estimate  of  the  importance  of  tliese  conclasions, 
it  seems  to  me  that  they  have  a  very  direct  bearing  on  many,  if  not  all,  questions 
r*.»nreming  the  cosmogony.     If,  for  example,  the  spiral  is  the  form  normally  a.saumed 
by  a  contracting  nebulous  mass,  the  idea  at  once  suggests  itself  that  the  sf)L')r  sys- 
i frill  ha*  been  evolved  from  a  spiral  nebula,  while  the  photographs  show  that  the  spiral 
ii«>i)ula  is  not,  as  a  rule,  characterized  by  the  simplicity  attributed  to  the  contra^ 
ine  riiaAS  in  the  nebular  h\'pothe8b.    This  is  a  question  which  has  already  been  t 
up  by  Professor  Chamberiin  and  Mr.  Moult  on  of  the   University  of  Chicago* 
trriphys.  Jour..  June  1900,  pp.  347,348. 


Fla.  12.- — A  very  large,  highly  dispersed  nebula,  Messier  33,  in  th' 
the  knots  are  t-cry  pronounced  and  tlie  nebulous  haze  is  irreg 
It  is  interpreted  as  young,  because  the  arms  are  not  greatly  c 
lous  haze  has  not  become  generally  distributed.  A  successii 
pulses  seems  to  be  indicated.  Judged  bv  the  luminosity,  th( 
m  the  nucleus  is  relatively  small,  and  so  tlie  difference  in  the  in 
and  inner  parts  is  much  less  than  in  a  system  of  the  solar 
lutioii  is  very  slow.  The  distance  is  unknown,  and  hence  the 
known,  but  they  are  probably  much  greater  than  those  of  the  si 
is  much  uncertainty  in  judging  of  the  mass  by  the  luminosil 
matter  mav  have  little  luminositv  and  some  may  not  be  luu 
central  and  denser  portions  are  likelv  to  be  relatively  more 
dispersed  portions.     (Photo,  by  Ritcf1e^',  Yerfces  Observatory.] 


T^^    o-jEfrs-x  fj'f  733  lA^rs: 


t*«o.  by  Kitcbpj-,  Y«*k«  i Autre axary.; 
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ceases,  the  rotatory  movement  must  tend  to  wra 
and  more  closely  •  and  symmetrically,  because 
inner  parts  must  be  more  rapid  than  those  of  i 
forms  that  seem  to  be  the  more  mature  appear  1 
inner  parts  are  coiled  more  e'osely  and  sj'mmeti 


Fig.  14.  ] 

Fia,  14. — A  brilliant  spiral  nebula  in  Canes  Venatici.  Mess 
long  and  has  given  relative  exaggeration  to  the  faint 
apparently  dense  and  relatively  massive;  the  coiling 
aymmetrical  in  the  inner  parts,  but  departs  from  sym 
A  second  nucleus  is  attached  to  tlie  extremity  of  one  ai 
as  the  representation  of  the  disturbing  star,  it  should  ^ 
of  colder,  heavier  material,  much  less  subject  to  expulstv 
dispersed,  and  only  slightly  affected  by  rotating  infiuen 
the  comet-like  streamers  of  some  of  the  knots  and  den? 
true  streamers,  curved  by  motion,  they  imply  an  activ 
the  similar  inference  drawn  from  the  coiled  condition, 
be  interpreted  as  young,  but  as  haxing  advanced  rapidl 
because  of  its  massi^'e  nucleus.  (Photo,  by  Ritchey,  Yei 
Fkj.  15. — -A  spiral  nebula  (Messier  61)  in  which  the  centra 
the  immediately  surrounding  portion  diffuse  and  hazy,  ' 
retains  its  spiral  distribution.  The  middle  of  the  oute 
tain  most  of  the  outlying  matter,  the  distribution  son: 
the  solar  system.  The  dimensions  here  are  presumptii'el 
of  the  solar  nebula,  but  this  is  not  ccrtainlv  known.  (I 
torj-,) 

parts.    This  is  notable  in  Figs.  13  and  14.    In  t 

in  Canes  Venatici  (Fig.  14)  tlierc  are  curved  str 

of  comets,  stretching  outward  from  .some  of  th 

If  those   are  indeed  streamers   driven  outward 

'  This  does  not  mean  that  tiie  i 
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nm-ed  by  motion,  as  in  the  case  of  comets'  tails,  they  testify  verj- 
definitely  to  a  rotatorj'  movement. 

A  notable  and  seemin^y  very  agnificait  feature  of  these  nebulie 
Ibe  presence  of  two  dominant  arms  that  arise  from  diametrically  op- 
pcNte  sides  of  the  nucleus,  and  curve  concentrically  away.    No  single- 
inn  spiral  of  the  watch-spring  type  has  been  found.    There  are  often 


Fig.  16.  Fio.  17. 

Fk.  1ft. — .\  t\-pical  spiral  nebula  in  Pbdum,  Messier  74,  with  ven-  Bymnictri<ral  urrnn, 
pronounreil  nucleus  and  knoU,  and  a  relatively  limited  amount  of  ndiulouis  liuze. 
(Photo,  from  Lick  ObBen-aton-,) 

Fic.  17. — .\  Bu^estive  nebula  in  Ceti.  Messier  77,  in  wliieb  the  proportionit  lii'twpon 
the  sppaivnt  masses  of  the  centra]  and  the  oullvinf;  parts  is  sotnon'liat  nnuliieous 
to  those  assigned  the  solar  nebula;  so  also  are  t~he  |)roportionH  lictween  the  knots 
and  the  nebtuous  luze.  and  the  number  of  the  knots  is  also  iiimilar.  but  the  volume 
of  tfie  central  portioa  is  disproportionately  large.    (Photo,  from  Lick  Obsen-olory.) 

more  than  two  arms  in  the  outer  part,  and  there  is  much  irregularly 
dispersed  matter,  but  even  in  the  more  scattered  forms  the  domiiiunce 
of  two  arms  is  discernible. 

A  second  feature  of  note  is  the  presence  of  numeroas  nehithus 
knot."  or  partial  concentrations  on  the  arms,  and  more  or  les-s  outside 
them.  So,  also,  the  more  diffuse  nebulous  matter  is  unequally  dis- 
tributed, and  in  some  of  the  forms,  regarded  as  youngest,  dark  H|K>t8 
and  lines  emphasize  the  irregularity  (see  Fig.  12). 

All  these  features  go  to  show  that  these  forms  are  controlled,  not  by 
the  support  of  part  on  part,  as  in  a  continuous  botiy,  or  in  a  mass 
gas,  or  even  in  a  definite  en-arm  of  quasi-gaseoua  meteorites,  br' 
gome  (^'stem  of  combii    ' ' '  netic  pnerg>-  and  gravity  which  perm 


pendence  of  parts.    It  is,  therefore,  conceived  that 
solid   or   liquid   particles   which   the   continuous    e 
revolve  about  the  common  center  of  gravity  as 
planetoidal  bodies.      If  this  were   certainly  knowi 
these  might  be  well  called  planetesimal  nebulce. 

It  is  clear  from  the  tenuity  of  these  nebulse,  as  s 
of  the  spiral,  that  they  are  thin  and  disk-like,  and  thic 
to  be  so  in  the  case  illustrated  in  Fig.  18,  which  is  see 
slender  ellipse  shown  in  Fig.  19  probably  represents  a 
wise,  but  this  is  not  certain.    In  their  disk-like  aha 


Fid.   18.  Fig.   19 

Fio.  18. — A  spiral  nebula  in  Pegaai  (HI  53),  seen   obliquely,  st 

form.     (Photo,  from  Lick  (Ibservatory.) 
Fia.  19. — An  elliptical   nebula  (HV  41),  interpreted  uncertwnly 

seen  from  a  point  in  its  own  plane.     (Photo,  from  Lidc  Obaei 

conform  to  the  mode  of  distribution  of  matter  in  t 
■\Vitliin  the  area  of  their  di.sks  aJso,  the  distributio: 
it  is  in  the  solar  system — a  fact  too  much  overlooked 
I)re<lilection  for  synimetrj',  under  the  influence  of 
I^iplacian  conception. 

If  these  nebulip  are  composed  of  minute  aggregat 
volving  as  planetesimals  about  the  nebular  centers,  i 
the  outer  parts  is  necesmrily  high  in  proportion  to  tl 
]iortions,  and  in  this  ps-scntial  particular  they  meet  th 
of  the  difficulties  that  confront  the  Laplacian  hypotht 

All  of  the  spiral  nebula;  of  our  illustrations  have 
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vasi'.v  transcend  those  of  tlie  solar  system,  and  they  cannot  be  taken 
as  (iR-cw  cxaini>les  of  the  solar  evolution.  Because  of  these  vast 
JiiucnsioM  and  of  tlie  probable  feebleness  of  control  of  the  central  niass, 
Kluch  ofWQ  appears    to   be  iteelf  quite  tenuous,  a  rapid  motion  cannot 


fi,,  20.— Tlip  pnrat  nebula  in  Andromeda,  seen,  appamilly,  ol)lH)Ufty;  Ilir  );mttcst 
of  ihe  sjMnil  nebula*.  Th?  nuelms  is  highly  prcpoiidprunt  otid  Rpheroidal;  tlic 
kn->ta  ace  1f«  proDOunc^  tluui  in  the  piveodlng,  and  ni'liutoiia  liaze  is  more  abiin- 
■Jant  rrlalivelv.  The  Bpeetnim  is  continuous,  witli  some  dark  linei*.  implvinu  that 
tiip  rentral  nueleus  is  BKin  to  the  sun.  No  parallax  has  been  detennined,  but  the 
dl'iunre  l->  inferred  to  be  great  and  the  dimetisions  immense,  os  many  small  Mars 
ryf^nr  to  be  this  side  the  nebula.  This  nebula  has  sometimes  l)ren  suflprcted  tf> 
]r-  in  re&lity  a  stellar  flystpm  outside  our  own.  Two  Btniiller  spheroidal  nebula- 
arr  .liown  whieh  mav  or  mav  not  be  connected  genetically  Willi  the  great  one, 
n,.rto,  by  Ritchey,  "I'erkes  C)Wr\-ator>-.) 

^■-11  In-  a-s-^igncd  to  the  arms.  Seen  from  the  inimpn.sp  distances  at 
wiiich  the  nebula-  seem  to  be  placed — no  parallax  having  been  iiy  yot 
.MfTtrd — changes  of  position  must  necessarily  be  slow  in  revcaUng 
lirt-nirf-lves  to  ol)srr\'ation.  It  is  to  be  hoj)ed,  liowcvcr,  that  the  preser' 
rapid  progress  in  the  perfection  of  instruments  and  of  skill  will  e 


bring  within  the  reach  of  successful  study  some  i 
nebulie  that  represent  more  nearly,  in  mass  and  p 


Fio.  21.— A  spiral  nehiiU  in  Ursa  Major,  Messier  IS,  showing 
mass,  with  symmetrical  arms,  well  coiW.  Form  and 
those  Msigned  to  tlie  parent  enlar  nebula.  Interpreted 
in  evolution.     (Photo,  from  I.iek  Obseiraton-.) 

system,  and  that  some  of  these  will  be  found  suf 
mit  an  early  determination  of  their  motions. 


(^ 
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While  awaiting,  for  how  long  we  cmiL-.':  -.r-l.  yi^r.i  y.i^\v.\':  1- v:- 
riiination.  it  inav  contribute  to  cleani<-s?  o:  vivvi-.  ♦rv-:.  if  !:  -:.^I  iii^ 
In  Ik*  an  anticipation  of  the  real  fact,  to  *\*-irjiJ:Vr\y  \  ior^-r  "j-r  >.»-.-: r.lr 
origin  of  the  supposed  nebula  that  gr^.-w  ii^M.  •},♦-  :  r'-v-i/.  rv-.l^r  vyrv  zii. 


TA^  hyjjothetirfj]  nr'-r^t  ».^ 


-     -I  .r) 


An  implied  ancestral  system. — Tli*-  ii.f-r- !.■•  :l.:i:  i  -vlri-l  :.-:  .La 
1-  formed  bv  a  combined  outward  a:.-;  r  :'.a'.' rv  ::.•..-::.•:.:  ":::.:;:•- 
;i  preexisting  body  that  enibraeeil  tli^-  w:;..-!.-  ::^i--.  I:.  :-ar::.'.:.y  ■.'.■:: ii 
This,  an  ancestral  .solar  sv.steiii  is  ]:M>tiiI:iTv.i — -  rvs^-r:.  y.'-r:.^:  -  ::.  :.•• 
t>s<-ntial  respect  different  from  thf  j-n-.^Lt  i.:..-.  < f^r  }jy: .*•:.—:«  :  y> 
i;ot.  therefore,  concern  itsf-lf  with  tli^-  ]'r':::.:arv  •-■ris:::.  r-i  •::•'  .s ::..  ■  r  • : 
the  starSy  or  with  the  ulterior  «jufstioii-  (d  fo-::.!'-  '-./..i::'^.:.-  I:  ^:  :.- 
rines  itself  to  a  .supix)sed  episode*  of  tl.-  s'::/-r  ]-:*•'  rv.  ::.  -.v":.i'':.  •;•.- 
iresent  family  of  planets  lia«l  its  origin,  and  ::.  \\.r  ir-ivla::.:.  ■ :'  *:.;•:: 
a  {lossible  previous  family  may  havo  Ix-f-n  «iisjrf;r«^'i:  \-r.  :.'.>  a:^r::-:5*:.;i 
U  made  relative  to  the  last  ixjini.    Willi  sor:."  rartia!::-.'  :«''r:.i;r'-.  •:.:s 

♦  i-Lsode  may  be  regarded  as  geologic,  ^iix*-  it  -:yi:L;!]y  r'..:.r;-r:>  '.'ij- 
I'irth  of  the  planet  of  which  alone  we  hav*.-  iiiTiii.a:-  k:.ov.-j'.;j:. . 

The  question  of  adequacy  of  energy. — Tm  x\A-  r- ■:.<•• :;:.  ixn 
:incestral  sun,  \iith  an  mnlftiri»'d  antf-cf-df-iit  l;i-'"ry  :;-  :;  ---r.  ';;^-':'»;i 
•.v-II  arise  at  once  a.s  to  a  .^uffK-if'nr-v  of  r-ii^rtrv  f-r  '':.•-  ^  ;::'••  ::.:;::.•«- 
r.ance  through  such  a  prolonged  history.     It  lia-  !»♦■'•:.  -^'Tfjiz/.y  'iv^'-l 

•  liring  the  past  half-century.  I>y  very  ciuUif'}.-  ]'l:y-iri-*^.  •].:;•  •■^ 
.'•-'•urces  of  energy-  assignable  for  {he  iiiaiiiT^ija:!*^'-  '»i"  *!'.*-  «"::.-  :.•  :i* 
..:.  i  light  could,  at  best,  Ix*  barely  suffir-ifut  f'»r  *:.'■  l''"".*  L'ir-jl  v.:.  i 
i  inu^cal  demaniLs  of  the  earth's  known  hi-v.ry,  t.-w-n  v.};. ::  *:.«-r. 
.ij"  niOiSt   conser%'atively  estimated.     How  iijuf!i  l^s^  '.]j::l  ran  *:.•>' 

-    sufficient  for  an  antece<lent  history  of  unknown  tlurano:.!    Ti.i- 

•jf-ction  is  ba.<e<I  on  the  assumption  that  tI.^  -ui.'s  !>-at  :i:.'i  litrht 

...--•  'k-riveil  almost  xvhdbj  from  self-compression,  as  urir*-!  liv  II«-l!:j- 

;-z.     Tliat  self-comjiression  is  a  potent  sourf-r-  of  li^-at  i-  i/i^  ou^--- 

•.  •:.•=- 1,  but   the  Ilelmholtzian  thf<»rv  takes  no  ar-^ount  of  sul>-i:iob-r'- 

."^r  aJi  1  sub-atomic  sources  cf  energ}-.     Tlie  transcenclent    ]»f»T(iu-y 

.  :'  -h-se  s^furces  of  energy-  has  been  for  some  time  suspepte*].^  arid  is 

'•  T:.*t  :-'li«'wirie  was  written  iii  1S90  before  expf*riinpiital  di-iiHirj^tniTi'iu  li:»d  l> 
r  ..  '.-ti;    "Wirhout  questioning  its  correctness,  is  it  safe  to  a-ssuine  tliat  the  ' 
r  :  -  rLin  h>"p"tfjes*i3  of  the  hmX  of  the  sun  fa  a  complete  theory?    la  present  kr 
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now  being  revealed  by  refined  physical  research.  T 
energies  displayed  by  radio-active  substances  are  d 
initial  demonstration  of  immeasurable  energies  residei 
of  matter  and  in  the  constitution  of  the  sidereal  sys 
tent  for  its  maintenance  for  imassignable  periods.  It 
therefore,  in  the  light  of  recent  revelations  in  physic 
coveries  in  the  constitution  of  the  stars  and  the  stel 
there  is  any  sufficient  reason  for  setting  narrow  lim: 
the  sun.  It  seems  more  in  accord  with  recent  advances 
place  the  compressional  theory  of  the  sun's  heat  in 
the  earlier  chemical  and  meteoritic  theories,  as  tn: 
tory,  but  as  only  partial  and  inadequate.  The  one 
above  all  other  things,  which  the  progress  of  researcl 
recognition  is  the  immensity  of  the  energy  of  the  in 
energy  only  a  small  fraction  is  usually  apparent  to  us,  c 
it  is  chiefly  in  a  state  of  equilibrium,  and  only  becom 
its  equilibrium  is  disturbed. 

There  seem  to  be  no  sufficient  grounds,  therefor 
to  assume  an  ancestral  solar  system,  the  center  of  whic 
of  the  present  sun.    This  involves  the  further  quite  rea 

relative  to  the  behavior  of  matter  under  such  extraordinary  < 
in  the  interior  of  the  sun  sufficiently  exhaustive  to  warrant  the  asser 
iiized  sources  of  heat  reside  there?  Wliat  the  internal  constit 
may  be  is  yet  an  open  question.  It  is  not  improbable  that  they 
zations,  and  the  seats  of  enoimous  energies.  Certainly,  no  ca 
affinii  either  that  the  atoms  are  really  elementary,  or  that  thei 
up  in  them  energies  of  the  first  order  of  magnitude.  No  caui 
probably  venture  to  assert  that  the  component  atomecules,  to  use 
may  not  have  energies  of  rotation,  revolution,  position,  and  be 
ble  in  kind  and  proportion  to  those  of  a  planetary  system.  1 
ably  feel  prepared  to  affirm  or  deny  that  the  extraordinary  con 
in  the  center  of  the  sun  may  not  set  free  a  portion  of  this  energy, 
theory  takes  no  cognizance  of  latent  and  occluded  energies  of 
atomic  nature.  A  ton  of  ice  and  a  ton  of  water  at  a  like  dista 
of  the  system  are  accounted  equivalents,  though  they  differ  nota 
of  their  energies.  The  familiar  latent  and  chemical  energies  ar 
gible  quantities  compared  with  the  enormous  resources  that  re 
But  Is  it  quite  safe  to  assume  that  this  is  true  of  the  unknown  ' 
in  the  internal  constitution  of  the  atoms?  Are  we  quite  sure  we 
bottom  of  the  sources  of  energy  and  are  able  to  measure  even  rougl 
On  Lord  Kelvin's  Address  on  the  Age  of  the  Earth  as  an  Abode 
hamberlin,  Science,  Vol.  IX,  June  30,  and  Vol.  X,  July  7,  18 
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tion  that  the  sidereal  system  has  had  a  very  prolonged  historj-,  and 
that  the  ancestral  sun  played  its  part  in  it  as  the  solar  s>'stem  does 
now. 

The  contiiigencies  of  stellar  collision. — ^There  are  probably  at  least 
100,000,000  suns  in  the  present  sidereal  galaxy,  and  these  are  moving, 
so  far  as  now  determined,  in  various  directions  and  at  various  velocities, 
much  like  the  molecules  of  an  exceedingly  tenuous  gas.  Besides  these 
stms,  there  is  possibly  even  a  larger  number  of  dark  bodies  asso- 
ciated with  them  as  extinct  suns,  planets,  planetoids,  and  satellites. 
It  would  be  strange,  therefore,  if  there  were  not  occasional  collisions, 
especially  in  the  more  crowded  portions,  as  in  the  Milky  Way,  how- 
ever rare  these  might  be  relatively.  It  is  in  or  near  the  Milky  Way 
that  new  stars  appear,  and  also  there  that  the  free-molecular  nebube 
chiefly  abound.  This  coincidence  of  distribution  obvioiLsly  does  not, 
of  itself,  carrj'  so  broad  a  conclusion  as  that  the  new  stars  and  the 
free-molecular  nebuke  necessarily  arise  from  collision;  but  the  con- 
tingency of  collision,  when  such  a  multitude  of  bodies  are  moving 
in  such  diverse  ways,  can  scarcely  be  questioned,  notwithstanding 
the  vast  distances  involved  and  the  consequent  smallness  of  the  con- 
tingency for  a  given  body  within  a  limited  time.  But  to  the  phenomena 
of  collision  no  appeal  is  here  made,  except  as  a  part  of  a  consistent 
conception  of  the  whole  group  of  associated  phenomena. 

The  contingencies  of  close  approach. — If  there  are  contingencies  of 
actual  collision  between  stars,  there  mast  1k»  much  larger  possil>i!- 
ities  of  their  close  approach  to  one  another  and  to  dark  IxkHos. 
Celestial  bodies  possess  velocities  inherited  from  past  states,  and  veloci- 
ties due  to  the  existing  attraction  of  other  bodies,  so  that  clos(»  a[)proaoh 
is  assignable  in  part  to  the  crossing  of  predetermined  paths,  and  in 
fiart  to  the  mutual  attraction  of  the  great  bodies  themsc»lves.  Tlie 
contingencies  of  collision  and  of  close  approach  arising  from  these  two 
factors  follow  different  laws.  Considering  inherited  motions  alone, 
the  contingencies  of  collision  are  greatest  when  the  velocities  are 
highest  and  the  bodies  thickest.  The  contingencies  of  close  approach 
by  mutual  gra\'ity  are  greatest  when  previoasly  acquired  velocities 
are  least  and  conflicting  attractions  are  fewest  and  feeblest.  It  is 
ob^"iolL<?  that  as  the  inherited  velocities  approach  infinity,  collision 
approaches  infinite  frequency,  whUe  gravitational  deflection  approach 
the   infinitesimal.     On  the  other  hand,   if  inherited  velocities 


54  GEOLOGY. 

reduced  to  zero,  gravitation  would  draw  a  finite  groui 
together.  When  both  factors  are  present,  relative  ) 
lision  and  disruptive  approach  lies  between  the  two  extr 
ical  inquiry  ^  leads  to  the  interesting  conclusion  that  mc 
velocities  lie  near  that  happy  medium  that  gives  few 
from  which  the  inference  is  drawn  that  a  selective  pri 
most  of  the  bodies  of  dangerously  high  and  dangerously  I 
has  left  those  possessed  of  the  relatively  safe  intermediate  v 

If  all  stellar  motions  are  like  the  known  motions,  s 
stars  constitute  a  system  by  themselves,  a  uniform 
be  maintained  in  all  parts  of  the  stars'  courses,  nor  ci 
prevail  in  all  portions  of  the  system.      The  velocities 
on  the  average,  when  a  star  is  traversing  the  interior  o 
the  contingencies  that  attend  high  velocities  must  be 
The  inherited  velocities  must  be  presumed  to  be  low( 
borders  of  the  system,  where  the  constituent  bodies  re 
their  outward  excursions  and  turn  back,  under  the  gravi 
to  again  traverse  it.    This  at  least  seems  the  most  ter 
of  the  movements  of  the  members  of  the  stellar  sys 
as  a  finite  group  of  bodies  possessed  of  the  known  m- 
trolled  by  the  knowTi  forces.    The  alternative  concepts 
extension  of  stars  is  beyond  treatment  here.    On  the 
therefore,  mutual  attraction  is  assumed  to  be  relatively 
than  in  the  central  portions.    But,  as  some  residual  moti< 
previous  excursions  is  even  there  retained,  and  as  a  part 
inevitably  tangential,  close  approaches  rather  than  co 
disturbing  contingencies  indicated. 

In  this  outer  portion  also,  the  paths  assigned  the 
nearly  parallel,  because  all  are  approximately  parallel  t( 
the  stellar  sphere  at  their  turning-points,  and  hence 
energies  as  the  bodies  j)ossess  oppose  less  resistance  to  t 
the  bodies  to  one  another,  for  it  is  onlv  when  the  motions 
or  transverse  directions  that  their  kinetic  energies  res 
approach. 

*  Made  by  the  senior  author  in  cooperation  witli  F.  R.  Moulton 
thah 

^  Tliere  are,  however,  a  number  of  8tars  with  great  enough  velocii 
beyond  the  visible  system,  even  after  allowing  liberally  for  dark  bodic 
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In  harmony  with  this  conception  is  the  fact  that  the  known  spiral 
nebula?  are  distributed  on  the  sides  of  the  supposed  stellar  disk  or  flat 
spheroiil  of  which  the  Milky  Way  is  the  assigned  equatorial  girdle. 
If  spiral  nebulae  occur  on  the  outer  border  of  the  Milky  Way,  as  our 
viow  seems  to  imply  that  they  should,  they  are  doubtless  beyond  the 
limits  of  distinct  vision. 

Whatever  may  be  the  value  of  this  particular  view  of  the  causes  of 
close  approach,  it  is  a  consistent,  if  not  necessary,  assumption  that, 
in  a  multitudinous  stellar  system  characterized  by  diverse  rates  of 
njotion  in  diverse  directions,  close  approaches  of  suns  to  one  another 
are  contingencies  likely  to  be  realized  in  fact. 

The  special  consequences  of  close  approach. — Our  present  sun 
shoots  out  protuberances  to  heights  of  many  thousands  of  miles,  at 
velocities  ranging  up  to  300  miles  and  more  per  second.  If  it  were 
not  for  the  retartling  influence  of  the  immense  solar  atmosphere,  some 
of  these  out**hoots  would  doubtless  project  portions  of  themselves  to  the 
outer  limits  of  the  present  system,  and  perhaps,  in  some  cases,  quite 
beyontl  it,  for  the  observed  velocities  sometimes  closely  approach  the 
ccintrolling  limit  of  the  sun's  gravity,  if  they  do  not  actually  reach  it.^ 
Thi<  illustrates  the  enormous  explosive  elasticity  resident  in  the  sun's 
nterior.  The  expansive  potency  of  this  prodigious  elasticity  is  held  in 
restraint  by  the  equally  prodigious  power  of  the  sun's  gravity. 

If,  with  these  potent  forces  thus  nearly  balanced,  the  sun  closely 
approaches  another  sun,  or  body  of  like  magnitude,  possibly  one  several 
times  the  mass  of  the  sun,  since  the  sun  is  regarded  as  a  small  star,  the 
p^Wty  which  restrains  this  enormous  elastic  power  will  be  reduced 
along  the  line  of  mutual  attraction,  on  the  principle  made  familiar  in  the 
titles.  At  the  same  time  the  pressiu-e  transverse  to  this  line  of  relief 
will  be  increased.  Such  locaUzed  reUef  and  intensified  pressure  must 
bring  into  action  corresponding  portions  of  the  sim's  elastic  potency, 
resulting  in  protuberances  of  corresponding  mass  and  high  velocity. 

EK-namic  considerations  seem  to  make  it  clear  that  the  sun  might 

*  A  >>ody  falling  from  infinity  to  the  sun's  surface,  and  thus  acquiring  the  maxi- 
mum velocity  which  the  sun's  attraction  can  give  to  it,  would  strike  the  sun's  sur- 
fsre  at  382  miles  per  second,  which  is  technically  known  as  "the  velocity  from  infinity." 
or  the  "paraDolic  vdocity,"  since  a  body  shot  from  the  sun  with  this  velocity  would 
take  a  parabolic  path  and  never  return.  This,  therefore,  represents  the  maximum 
fr«wer  of  control  of  the  sun,  and  the  velocity  of  some  protuberances  is  nearly  equ« 
to  it. 


56  GEOLOGY, 

even  thus  be  wholly  disrupted,  if  the  body  to  whic 
were  much  superior  to  it  in  mass  and  the  approach 
Roche  long  ago  demonstrated  that  the  differential 
large  body  upon  a  smaller  one  revolving  about  it,  w 
disrupt  it  at  an  appreciable  distance,  as  previously 
In  a  body  whose  elasticity  nearly  matches  its  gravity,  ii 
that  the  Roche  limit  should  be  actually  invaded  I 
phenomena  of  a  high  order  of  intensity  and  magnil 
place.    A  more  distant  approach  would  suffice. 

Ezceptional  protuberances  developed  on  opposite  si 
proach. — ^According  to  the  well-known  tidal  principle,  i 
protuberances  would  rise  from  opposite  sides,  and  hereir 
explanation  of  the  prevalence  of  two  diametrically  ( 
the  spiral  nebulae. 

The  demands  on  protuberant  action  not  severe 
planets  and  their  satellites,  all  together,  amount  to  i 
himdredth  part  of  the  mass  of  the  system.  Simpl; 
required  planetary  matter,  the  protuberances  need 
small  fraction  of  the  ancestral  sim;  but  some  cons 
the  projected  matter  must  probably  have  been  gat! 
the  Sim,  and  some  part  may  possibly  have  been  p 
the  control  of  the  system.  Making  allowances  for  bo 
the  proportion  of  the  sun's  mass  necessarily  involved 
ances  is  still  very  small.  Apparently  one  or  two  per  < 
mass  would  amply  suffice. 

The  acquisition  of  rotatory  motion. — ^The  protub 
pothesis,  would  be  thrust  out  as  the  sun  and  the  p 
swinging  about  their  common  center  of  gravity  in  cm 
sharp,  and  at  velocities  more  or  less  prodigious,  ac 
relative  distances.  That  protuberance  which  was  sh 
toward  the  star  would  be  drawn  forward  by  the  star  ir 
its  movement,  with  a  power  inversely  proportional  to  1 
distance.  The  protuberance  shot  in  the  opposite  dir 
attracted  by  the  star  also,  but  owing  to  its  greater 
increasing  distance,  in  a  very  greatly  less  degree,  in  acc< 
same  law.  The  sun  at  an  intermediate  distance  woi 
in  an  intermediate  degree.  With  reference  to  the  su 
two  protuberances  would  move  in  opposite  directions,  a 
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n^lative  to  it  would  be  revolutionary.  To  follow  out  e\en  approjdmately 
the  actual  motions  of  the  sun  and  the  protuberances  in  a  given  case  of 
this  kind  is  extremely  difficult  and  laborious. 
It  is  ob^^oa<»,  furthermore,  that  in  any  given 
instance  a  succession  of  protuberances  follow- 
ing one  another  at  different  stages  of  ap- 
proach must  probably  have  taken  place,  and 
hence  the  formation  of  a  nebula  presents  a 
series  of  such  extremely  difficult  problems. 
Dr.  Moulton  has  worked  out  the  selected  case 
of  two  opposite  protuberances,  in  which  the 
mass  of  the  passing  star  is  assumed  to  be 
equal  to  that  of  the  sun,  and  the  protuber- 
ances are  assmned  to  be  shot  out  to  twice 
the  star's  perihelion  distance  (Fig.  22).  It 
t  further  ob\4ous  upon  consideration  that 
the  niunber  of  possible  cases  that  might  arise 
from  the  varjing  ratios  of  the  masses  and 
from  the  ^'ar}ing  distances  of  their  approach, 
i<  very  large,  and  that  immense  labor  is  in- 
volved in  covering  the  whole  ground  and  find- 
ing out  what  cases  are  applicable  to  the 
problem  of  the  solar  nebula,  but  in  the  course 
of  the  series  now  being  worked  out  under  the 
•  lirection  of  Dr.  Moulton,  it  is  hoped  that  a 
close*  approximation  to  the  solar  nebula  may 
U*  found,  a  hoj>e  which  seems  to  be  war- 
ranted bv  the  results  thus  far  obtained. 
\nal\X\c2l  considerations  have  seemed  to 
>how  that  if  the  disturbing  star  were  equal 
t«»  or  more  massive  than  the  sun,  and  were 
to  pass  verj'  near  to  it,  a  large  portion  of  the 
5un  woultl  be  disperseil  with  great  velocity, 
antl  the  resulting  nebulae  would  probably  re- 
semble those  immensely  expanded  ones  which  are  chiefly  represented 
in  the  foregoing  illustrations.  A  more  distant  approach  in  which  the 
protuberances  are  small  relative  to  the  mass  of  the  sun  seems  to 
more  in  consonance  with  the  demands  of  the  solar  problem.    It  ' 


P'iG.  22. — ^Diagram  illuKt  rating 
the  courses  pursued  by  |>ar- 
ticles,  P  and  P*,  shot  out 
from  the  sun,  S,  on  opjx»site 
sides  under  the  distuHjing 
influence  of  a  passing  star, 
6",  when  at  tlie  position  »S/. 
Tlie  successive  positions  t>f 
tlie  disturijing  star  art»  in- 
dicated by  *S,',  .%\  .  .  .  S/, 
ai$sumed  at  successive  tinie- 
inten'als.  When  »S'  wa-s  at 
the  position  *S,',  the  par- 
ticles P  and  P'  were  shot 
out  from  S  with  velocities 
such  that  if  not  distuH>ed 
they  would  have  reached 
to  distances  twice  AS. 
P^..  Pt  and  P,'  .  .  P/ 
are  the  successive  positions 
assumed  by  these  particles 
at  t  he  succes.-i ve  t  imes.  n  -b 
is  the  acceleration  at  unit 
distance.  (After  F.  K. 
Moulton.) 
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observed  that  the  curves  in  Fig.  22  are  of  the  general 
case  requires. 

The  distribution  of  specific  gravities. — ^The  distal 
protuberances  would  obviously  be  formed  from  the 
tions  of  the  sun,  while  the  later  portions  of  the  eject 
proximal  parts  of  the  arms  would  doubtless  come  m; 
depths,  and  hence  probably  contain  more  molecules 
gravity.  In  this  seems  to  lie  a  better  basis  for  explaii 
dinary  lightness  of  the  outer  planets,  and  the  high 
of  the  inner  ones,  than  in  the  separation,  from  the  ex 
surface  of  a  gaseous  spheroid,  of  successive  rings  wl 
equaled  the  one-thousandth  part  of  the  original  nebu 

Successive  partial  outbursts. — It  seems  consisteni 
ditions  of  the  case  to  assume  that  the  protuberance 
of  a  succession  of  more  or  less  irregular  outbursts, 
sun,  in  its  swift  whirl  aroimd  the  controlling  star,  was 
affected  by  the  latter's  differential  attraction;  and 
tuberances  would  be  directed  in  somewhat  changu 
would  be  pulsatory  in  character,  resulting  in  rather  irre 
what  divided  arms,  and  in  a  knotty  distribution  of  th< 
along  the  arms.  These  knots  must  probably  be  more 
from  inequalities  of  projection. 

The  result  a  spiral  nebula. — It  is  thus  conceived  that 
having  two  dominant  arms  on  opposite  sides,  each  kno 
lar  pulsations,  and  rotatory,  the  knots  probably  als< 
attended  by  subordinate  knots  and  whirls,  together 
scattering  of  the  larger  part  of  the  mass  in  irregular 
would  arise  from  tlie  simple  event  of  a  close  approac 

Theoretical  diagram  of  the  solar  nebula. — On  the  bj 
going  considerations,  there  is  herewith  presented  a  the 
tion  of  the  solar  nebula  (Fig.  23).  The  purpose  of  t 
definite  concei)tion  of  the  favored  phase  of  the  planel 
esis — not  to  enforce  its  correctness  or  acceptance, 
trary,  the  frank  concreteness  it  gives  to  the  concej 
criticism,  and  invites  modification  by  future  study. 

The  passage  of  the  molecules  from  the  free  to  the  agg 
The  (ejected  matter,  at  the  outset,  must  have  been  in  the 
state,   since  by  the   terms   of    the  hypothesis  it  aros 
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(«us  body;  but  the  viust  dispersion  and  the  enormous  surface  exposed 
(kmlnlfsa  quickly  retluced  the  more  refractory  portions  to  the  liquid 
ind  solid  state,    attended  by  some  degree  of  aggregation  into  small 


Fill  23.--Tlieore'tipal  restoration  of  the  parent  nebulu  of  the  solar  system.  The 
nuriri  o(  tlie  several  planets  may  be  iiidentilicd  by  tlicir  distances  tromllic  center. 
Tlir  dim«L'non!>  of  tlie  inner  purta  are  made  dLsproporlionately  large. 

arrrpiioai;  hence  the  continuous  spectrum  wliich  this  class  of  nebula; 
jri-x-nt. 

HebuUr  lummescence. — ^The  problem  of  the  luminescence  of  nebulas 
i-  n)nfespe<Hy  a  puzzling  one.  There  is  little  ground  for  assigning 
p-nt-ral  incan<lescence  to  matter  so  obviou.ily  scattered  and  tenuous, 
and  i>f>ssei^»i«tl  of  such  enormoas  radiating  surface.  Tlie  assignment 
i.f  the  light  to  collisions  of  meteorites,  as  has  been  done  by  Ix)ckyer, 
KiMiunter*  both  d)-namic  and  spectroscojnc  difficulties.  The  recent 
■ii.*roverics  of  the  luminescent  properties  of  ratlio-active  matter,  and 
"f  its  power  to  awaken  luminescence  in  other  matter,  offers  hope  of 
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a  solution.  The  fact  that  these  properties  are  not  nc 
ent  on  heat  greatly  relieves  the  stress  of  the  proble 
radio-active  material  there  might  be  in  the  matte 
nebulous  form  would,  by  such  dispersion,  be  set  fre 
whatever  other  matter  was  subject  to  its  excitation  \ 
free  to  receive  the  exciting  influence. 

The  solution  of  the  problem    may,  however,  lie 
lines.    At  present  it  seems  more  probable  that  the  lu 
from  some  agency  that  acts  at  low  temperatures  than 
ent  on  heat,  and  hence  objections  to  a  planetesimal 
the  groimd  of  low  temperature  cannot  have  much  for 

The  assigned  nebular  origin  not  vital. — ^Whethc 
mode  of  origin  of  the  spiral  nebula  just  sketched  be  t 
vital  to  the  planetesimal  hypothesis.  It  is  offered  as 
picture  and  as  a  contribution  to  the  natural  demand 
mode  of  genesis.  It  is  only  vital  to  the  planetesim 
here  developed,  that  the  scattered  nebular  mater: 
around  the  central  mass  in  elHptical  orbits,  and  t 
be  sufficiently  implied  by  the  forms  of  the  spiral  neb 
ing  the  question  of  their  origin.  It  is  true  that  their 
interpreted  as  implying  streams  of  in-running  mattei 
courses,  but  a  system  of  dynamics,  on  known  princi] 
ent  with  known  conditions,  has  never  been  worked 
process,  so  far  as  we  are  aware,  and  it  is  not  evident 

As  a  basis  for  following  onward  the  evolution,  tw- 
tions  only  are  necessary,  (1)  that  the  nebular  matter 
a  finely  divided  solid  or  liquid  condition,  as  the  con 
implies,  and  (2)  that  the  particles  of  this  scattered  m 
elliptical  orbits  about  the  central  mass. 

The  evohdion  of  the  nebula  into  planeU 

The  three  essential  factors. — The  knotty  spiral  foi 
gives  ground  for  recognizing  three  factors  as  the  chic 
the  evolution  into  a  planetary  system,  (1)  the  central 
the  sun),  (2)  the  knots  (to  become  the  nuclei  of  the 
the  diffuse  nebulous  matter  (to  be  added  to  the  ni 
planets  or  to  be  added  to  the  sun).  Fitting  the  concep 
case  of  the  solar  nebula,  the  present  distribution  of 
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warrant  the  assumptions  that  (1)  the  central  mass  was  overwhelmingly 
large,  (2)  the  knots  were  quite  irregular  in  size  and  verj'  imequal  in 
distance  from  the  center,  and  (3)  the  nebulous  part  was  small  relative 
to  the  central  mass,  and  probably  large  relative  to  the  knots.  Reasons 
f*»r  the  last  conclusion  will  be  given  later. 

The  attractive  powers  of  the  knots  and  their  limitations. — It  is 
as.<umed  that  the  masses  of  matter  in  the  knots  were  sufficiently  large 
to  hold  themselves  together  in  spite  of  the  differential  attraction  of  the 
c<*ntral  mass;  otherwise  they  would  soon  have  been  scattered.  They 
.<!eeni  to  have  successfully  maintained  themselves  in  nebulae  that  appear 
to  have  undergone  some  notable  degree  of  evolution,  as  for  example 
the  knots  shown  near  the  large  central  nucleus  in  Fig.  13. 

On  the  other  hand,  it  is  presumed  that  the  gravity  of  the  more  tenu- 
oa<  nebular  matter  was  insufficient  to  aggregate  it  directly,  in  the 
pn*i5pnce  of  the  central  attraction,  for  this  portion  seems  to  show  a 
progressive  tendency  to  a  more  general  diffusion,  as  may  be  seen  by 
comparing  the  cloudy  flocculent  distribution  of  the  nebulous  matter 
in  Fig.  12,  whose  form  implies  that  it  is  yoimg  in  evolution,  with  the 
more  diffuse  distribution  in  Figs.  15,  17,  18,  and  21,  whose  central 
coilings  imply  more  advanced  states  of  evolution.  The  planetesimals 
of  this  diffuse  nebulous  portion  are,  therefore,  assmned  to  be  controlled 
essentially  by  the  gravitation  of  the  main  mass,  and  to  revolve  in  indi- 
xidual  orbits  about  it. 

The  irregularity  of  the  forms  of  the  knots  seems  to  imply  that 
their  organization  is  also  planetesimal,  though  the  larger  ones  may  be 
able  to  hold  gases  also.  The  direction  of  revolution  of  these  knots  is 
5Uf>posed  to  be  usually  the  same  as  that  of  the  rotation  of  the  nebula 
a.-  a  whole,  but  subject  to  local  and  special  influences  that  might  lead 
to  important  variations. 

The  knots  the  planetary  nuclei. — The  knots  of  the  solar  nebula 
arf-  regarded  as  the  nuclei  about  which  gathered  the  planetesimals  to 
form  the  future  planets;  not  that  all  such  nuclei  necessarily  retained 
thoir  independence  and  grew  to  planets,  but  that  no  planet  probably 
il^vploped  except  from  such  a  nucleus.  The  figures  already  presented 
Fi^s.  12-21)  show  clusters  of  knots  and  aggregates  of  irregular  form 
susceptible  of  development  into  complex  planetary  systems,  such  as  tb-^ 
large  planets  and  their  families  of  satellites.  The  earth-moon  sy 
is  assigned  to  a  couplet  of  companion  nuclei  of  quite  unequal  s 
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The  sizes  of  the  nuclear  masses. — If  the  present  pi 
from  these  nebular  nuclei,  the  greatness  of  their  gr< 
by  the  smallness  of  the  primitive  nuclear  masses, 
such  accretion  is  a  matter  of  geologic  interest,  for  it 
related  to  many  dynamical  questions  of  the  eartl 
There  are  two  considerations  that  bear  upon  the  sij 
nuclei. 

1.  There  is  a  certain  inherent  and  necessary  limii 
of  scattered  or  tenuous  bodies  in  the  presence  of  mor 
The  principle  involved  is  one  of  vital  importance  in  th 
ary  evolution.    Within  the  field  of  the  effective  attr; 
nant  body  like  the  sun,  or  the  ancestral  nebular  cer 
exercise  differential  gravitative  control  over  a  limi 
known,  technically,  as  the  "sphere  of  activity."    Th 
earth,  with  its  present  mass,  reaches  out  about  62 
the  earth  has  grown  at  all,  its  primitive  sphere  of  c( 
been  smaller  than  this.    The  earth  nucleus  could, 
have  embraced  such  matter  as  lay  within  this  lir 
the  original  knot  could  be  supposed  to  have  extended  1 
the  outlying  portion  would  have  been  drawn  away  fc 
into  independent  planetesimals,  and  must  have  beei 
it  became  a  part  of  the  earth,  by  some  other  means  tl 
tion.    The  moon  controls,  as  against  the  attraction  o: 
present  distance,  a  sphere  whose  radius  is  about  21 
considerably  less  than  25,000  miles   as  against  the  j( 
the  earth  and  sun.    Its  primitive  nucleus,  if  it  has  % 
confined  to  smaller  dimensions.    Attenuated  nuclei 
cannot,  therefore,  be  supposed  to  maintain  themsel 
in  the  fields  of  attraction  dominated  by  larger  bodies 
subject  to  the  dispersive  effects  of  their  own  moleci 
addition  to  the  competitive  gravity  of  dominant  b 
narrower  limits,  and  below  a  certain  mass  are  inev 
In  such  a  system  as  ours,  gases  must,  for  the  most 
themselves  to  the  dominant  bodies  or  be  scatterec 
planetesimals.     None  of  the  smaller  knots  of  the  so 
probably  have  been  gaseous  in  any  large  measure.     Gaj 
attached  to  and  occluded  in  the  aggregated  or  solid  p] 

*  "The  Spheres  of  Acti\Tity  of  the  Planets,"  Moulton,  Pop.  Ast 
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may  ha^'e  been  held  in  a  free  gaseous  state  in  the  interiors  of  the  larger 
nudei.  The  sun  is  of  course  presumed  to  have  been  gaseous  t  brought 
out  the  evolution. 

2.  Quite  a  definite  indication  of  the  size  of  the  nuclei  of  the  planets 
may  perhaps  be  deduced  from  the  very  remarkable  fact  that  Phobos, 
the  inner  satellite  of  Mars,  revolves  around  the  planet  in  less  than 
ane^hird  of  the  time  of  the  planet's  rotation,  and  from  the  analogous 
fact  that  the  little  bodies  which  make  up  the  inner  part  of  the  inner 
ring  of  Saturn  revolve  about  that  planet  in  a  little  more  than  one-half 
the  time  of  the  planet  s  rotation.^  These  are  exceedingly  troublesome 
facts  from  the  ^^ew-point  of  the  Laplacian  h}TX)thesis,  for  under  it 
the  contraction  of  these  planets,  after  they  had  shed  their  secondaries, 
should  have  greatly  accelerated  their  rotations,  and  these  should  have 
become  much  shorter  than  the  revolutions  of  the  secondaries.  Before 
Moulton's  citation  of  the  second  case,  an  attempt  was  made  to  explain 
the  case  of  Phobos  by  a  supposed  tidal  retardation  of  the  planet's 
rotation,  but  the  Saturnian  case  appears  to  render  this  explanation 
incompetent  .2 

Under  the  h}T>othesis  of  growth  from  a  nucleus  by  the  addition 
of  planetesimals,  the  rotations  of  the  planets  were  dependent  largely 
on  the  special  phases  of  the  impacts  of  the  infalling  planetesimals, 
an<l  no  necessary  relations  between  the  rotation  of  a  planet  and  the 
revolution  of  its  satellite  are  assignable.  But  if  this  be  neglected,  and 
the  rotation-period  of  the  ])lanetary  nucleus  be  assumed  to  have  been 
originally  the  same  as  the  revolution-period  of  the  satellites'  nucleus, 
the  growth  of  the  mass  of  the  planet  must  have  drawn  the  satellite  nearer  to 
itself  ^  and  shortened  the  time  of  its  revolution. 

If  the  whole  of  the  periodic  difference  between  Mars  and  Phobos 
Ije  tine  to  this  cause,  the  growth  of  the  nucleus  of  Mars  is  deducible 
in>m  it.  Under  this  view,  the  matter  of  the  rings  of  Saturn  may 
have  been  satellite  nuclei  at  the  outset,  and  have  been  drawn 
within  the  Roche  limit  by  the  growth  of  Saturn,  and  then  disintegrated 
by  tidal  action  and  distributed  into  the  ring  form.  All  other  satellites 
should,   under  this  view,  have  been  drawn  towards  their  primaries 

I  For  a  diBCUseion  of  theee  phenomena,  see  "  An  Attempt  to  Test  the  Nebular 
HrpotheB»  by  an  Appeal  to  the  Laws  of  Mechanics/'  Moulton,  Astrophys.  Joui 

190D.  p.  109. 

s  See  Maulton's  discussion,  loc.  cit.,  pp.  109,  110. 
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Tbe  ficcifCTTBL";  liRurngg  of  liieac-  t»^  cGnsada' 

b&rziK.(LT  Thii  ^vioLi  ttj^.i  I**  ^&diBnEd  mdffieDd 
jtstiircc.  f:6  liie  iccaj^eLi  uiiomii?  <fl  n^ncr  in  tbe 
tbt  amrtuDis  izi  ilie  neifdu-  base.    I:  vEH  lixreCc 

:be  2U4a5  <rf  the  crc»vi-  itlazieis-  The  iranmaa  m 
itrr.^y.wiiartaUiy  kr  iLe  srrtT!  ]:«I&zieT5  iham  for  1 
ilie  f«r/irer  cif  gi>c<wili  jrcitaiihr  rose  miili  bstvtnised  i 
rai^tio.  Ill  ibe  case  of  :Le  ^^lercods  a2>d  satellhes  t 
Lave  been  large. 

The  njitiire   of  tfie  plimetesiiiial  motioos. — TIm 

planetesimals  to  the  ntx'lei  to  fcrai  the  planets  is 
to  coDJimctions  in  the  course  of  their  orbital  mot 
gravitation,  except  as  gravitation  was  the  fimdano 
orbital  motions.    The  nature  of  the  primary  moti< 
fir.st  consideration.    The  combination  of  outward  ai 
to  which  the  formation  of  the  nebula  is  asagned,  w 
form  to  the  whole,  at  the  outset,  is  believed  to  h 
individual  planet esimal  an  elliptical  orbit  about  the  i 
nrcurring  to  our  hjpothesis  of  the  origin  of  the  spira 
thf;  tangential  impulses  had  been  duly  balanced,  cii 
have  resulted;  but  neither  theorj-  nor  observation  ma 
this  was  often  the  case.    The  inevitable  inequalitie 
ponr^nts  should  give  ellipses  varving  in  eccentricity 
lion  in  their  relations.    As,  however,  both  the  outwai 
components  sprang  from  the  same  source — ^the  grav 
induced  by  the  approach  to  a  massive  star — ^there 
that  they  would  not  be  extremely  unequal,  and  that  t 
Irieities,  though  large,  would  not  be  excessive.    This 
with  the  forms  of  the  spiral  nebulae.    These  do  m 
symmetrical  configurations  of  the  strictly  circuloid 
elliptical   oncjs,    with   irregular   elements.    The   de 
present  almost  circular  configuration  of  the  solar  s; 
a  broadly  elliptical,  somewhat  irregular,  spiral  com 
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an  evolution  in  the  directkHi  of  drrulantT  and  snnmeftn:,  in  tbe  course 

•  •  •  • 

of  the  aggregation  ol  tbe  scattered  matter.    Tbe  method  vntR  be  pres- 
ently indicated. 

The  part  f^yed  by  dlipticitj  of  oitit. — Tbe  eHfiptidtr  of  tbe  orlnts 
is  the  very  factor  that  fumisbes  the  aaagned  agenrr  of  aggregation, 
and  of  this  progressive  evoluticm  towards  cdrcularity  and  symmetry. 
In  the  initial  stages,  the  ellipses  of  tbe  nuclei  and  of  tbe  innimierable 
planet esimals  were,  by  reason  of  their  common  origin,  rudely  conoentric. 
They  were,  to  be  sure,  more  or  less  discordant  in  form  and  in  attitude 
from  the  effects  of  unequal  projection,  of  differential  expanaon  of  the 
solar  matter  when  set  free  by  projection,  and  of  tbe  coUiaons  of  tbe 
constituent  planetesimals;  but  all  of  this  was  subordinate  to  a  general 
concentric  arrangement  of  the  elliptical  ]>aths.  Under  the  laws  of 
celestial  mechanics,  these  paths  must  have  been  constantly  modified 
by  the  different  attractions  of  the  different  portions  of  tbe  nebula. 
The  axes  of  the  orbits  must  have  shifted,  tbe  attitxides  of  their  orbital 
planes  must  have  varied,  and  their  eccentricities  must  have  been 
modified.  It  will  suffice  to  consider  the  shifting  of  the  major  axes  of 
the  orbits,  technically  *'the  motion  of  the  line  of  apades, "  as  that  is 
the  most  "lital  factor  in  the  process  of  aggregation. 

So  long  as  the  major  axes  of  the  orbits  were  essentially  parallel 
to  one  another,  as  A  and  B  in  Fig.  24,  the  bodies  would  remain  apart 
and  aggr^ation  be  prevented;  but  when  they  became  shifted  differ- 
entially to  the  positions  A'  and  B\  the  orbits  would  touch,  and  con- 
junction be  possible,  if  the  orbital  planes  were  appropriately  related 
to  one  another. 

The  shifting  of  the  lines  of  apsides  is  in  constant  progress  in  the 
present  sj-stem,  and  must  of  necessity  take  place  in  any  such  s}'stem, 
a.«  the  laws  of  celestial  mechanics  reqiure  it.  The  shifting  is  differ- 
ential and  subject  to  various  perturbations,  involving  alternate  move- 
ment forward  and  backward,  but  the  average  result  is  an  advance.^ 
At  present  the  I'me  of  apsides  of  quickest  revolution  is  that  of  Saturn, 
which  completes  its  circuit  in  67,000  years,  roundly  speaking,  while 
that  of  Neptune  requires  540,000  wars,  and  that  of  the  earth  a  little 
iDon*  than  100,000  years.^  In  the  course  of  time,  the  major  axis  of 
each  orbit  is  thrown  athwart  that  of  its  neighbors,  and  whenever  the 

^Cdestial  Mechanics,  Moulton,  p.  245. 
'  Yoiing*8  General  Astronomy,  p.  313. 
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longer  axis  of  the  smaller  orbit  is  equal  to  the  shorte 
orbit,  and  the  planes  of  the  orbits  are  properly  r 
rendered  contingent.  Actual  collision  is  dependen' 
the  bodies  reaching  the  crossing  of  their  paths  at  th 
planes  of  the  planetary  orbits  now  lie  near  to  on< 
presumed  always  to  have  done  so.    These  planes,  tho 


Fig.  24. — Diagram  of  a  smaller  orbit,  B,  lying  within  and  par 
Ay  both  having  a  common  focus,  S]  the  absence  of  the  con 
is  obvious  so  long  as  they  retain  this  relation  even  approxic 
shift  differentially  to  the  positions  A'  and  B\  conjunction  if 
planes  are  properly  related.  If  the  orbit  A  were  to  shift 
effect  would  be  the  same. 

the  orbits,  intersect  one  another,  and  the  lines  of  int( 
ing  so  that  in  time  all  assignable  intersections  are 
these  conditions,  the  mechanics  of  such  a  system  fu 
contingencies  for  collisions  between  the  planetesima 
if  sufficient  time  be  granted. 
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The  collisions  of  isolated  planetesimals  with  one  another  may  be 
neglected,  for  it  is  uncertain  whether  the  planetesimals  would  rebound 
from  one  another  or  would  imite;  probably  the  former  when  they 
were  highly  elastic,  and  the  latter  when  inelastic;  and  probably  much 
would  also  depend  on  their  velocities  and  their  modes  of  impact;  but 
in  any  case,  the  result  would  only  affect  the  size  and  number  of  the 
planetesimals.  The  important  consideration  is  the  impact  of  the 
isolated  planetesimals  upon  the  planetary  nuclei.  In  this  case  the 
usual  result  must  apparently  be  the  capture  of  the  planetesimals  by 
the  nuclei,  and  with  each  capture,  the  power  of  further  capture  would 
be  augmented. 

The  evolution  of  circularity. — When  two  bodies  in  concentric 
elliptical  orbits  imite,  their  conjoined  mass  must  move  in  an  orbit 
that  is  intermediate  between  the  two  previous  orbits,  and  this  new 
orbit,  in  all  cases  investigated,  is  less  eccentric  than  one  of  the  pre- 
vious orbits,  and  may  be  less  eccentric  than  both,  as  illustrated  in 
Figs.  25  and  26.  TVTiile  a  mathematical  demonstration  that  this  is 
universally  true  is  possible,  the  illustrations  suffice  to  show  that  it  holds 
for  most  normal  cases  falling  within  the  problem  in  hand.  It  follows 
that  the  union  of  an  indefinite  niunber  of  orbits  progressively  reduces 
the  resulting  orbit  toward  circularity.  In  application,  there  arises 
the  obAnous  coroUarj"  that  the  planets  which  have  grown  most  have, 
in  general,  lost  most  of  their  primitive  eccentricity  and  those  that 
have  grown  least  most  nearly  represent  the  original  eccentricity.  The 
significant  application  of  this  to  the  planets  of  the  solar  system  will 
appear  later. 

The  time  involved. — WTien  the  slowness  of  the  motion  of  the  line 
of  apeides,  and  the  only  partial  coincidence  of  the  planes  of  the  orbits, 
at  any  one  time,  are  duly  considered,  it  is  evident  that  the  contingen- 
cies of  collision  for  the  entire  number  of  planetesimals  will  be  spread 
o\'er  a  protracted  period,  and  that  collisions  can  succeed  one  another 
rapidly  only  as  the  immensity  of  the  possible  number  insures  this. 
Individually,  the  chances  of  collision  are  remote  and  infrequent;  but 
as  the  numbers  involved  at  the  outset  were  prodigious,  the  impacts 
upon  a  given  nucleus  in  a  given  time  may  have  been  numerous.  In 
the  nature  of  the  case,  the  impacts  must  have  decHned  in  frequence- 
after  the  greater  number  of  planetesimals  had  been  gathered  ' 
the  nucleus. 
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The  bearings  of  the  rate  of  infall  on  temperatu 

accretion  is  a  matter  of  radical  geologic  importanc 
in  some  measure,  the  most  critical  feature  of  the  wh< 
lem;  for  the  rate  of  accretion  determines  whether  1 
perature  on  the  surface  of  the  growing  body  will  be  h 
surface  temperature  is  not  determined  by  the  total  1: 


V\i\,  25. — Ditigrnm  to  illustrate  the  tendency  toward  circularity 
t ho  uniting  bodies  have  concentric  positions.  The  two  hoc 
orbits  A  aiul  /?,  and  uniting  at  D,  necessarily  take  an  interm 
an  t>bvii)us  advance  towanl  circularity.  In  less  simple  and  s) 
n^stilt  is  loss  obvious,  but  it  would  be  of  the  same  order  in  all 
pn>blo!n  in  hand. 

tlu^  collisions,  but  by  the  heat  produced  in  a  given  tim 
is  dcMcTininiMl  by  the  frequency  and  force  of  the  collision 
If  tl\(^  succession  of  collisions  on  a  given  square  mile  is 
to  mMicratc  h(^at  Ix^yond  the  concurrent  radiation  from 
a  high  jiveragt^  teniiHTuture  for  the  whole  cannot  1 
ov(T  gn^at  th(^  sum  total  of  heat  generated  in  the  co 
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is  to  be  noted  that  the  heat  generated  after  a  solid  nucleus  was  developed 
must  have  been  superficial,  and  hence  readily  radiated  away.  While 
the  nuclei  remained  assemblages  of  small  bodies,  perhaps  gaseous  in 
part  in  the  larger  ones,  planetesimals  from  without  may  have  pene- 


FiG.  26. — ^EHagram  to  illustrate  the  evolution  of  circularity  where  the  orbits  of  the 
uniting  bodies  are  as  far  as  possible  from  having  concentric  positions.  The  bodies 
in  the  orbits  A  and  B,  meeting  and  uniting  at  D,  necessarilv  take  an  intermediate 
orbit  C,  which  is  obWously  more  circular  than  either.  In  less  symmetrical  cases, 
the  tendency*  would  be  of  the  same  order. 

trated  to  the  interior,  and  there  developed  heat  not  so  readily  lost. 
But  this  state  is  only  assignable  to  the  early  stages  of  growth. 

The  collisions  all  overtakes. — A  further  consideration  bearing  upon 
the  critical  subject  of  temperature  is  the  manner  of  collision.  Since 
all  the  planetesimals  and  planetary  nuclei  were  revolving  in  the  same 
dirertion  about  the  solar  mass,  the  collisions  were  all  overtakes,  and 
coulil  have  been  violent  only  to  the  extent  of  their  differences  of  orbital 
velocities,  modified  by  their  mutual  attractions.  Since  their  orbits 
were  elliptical,  their  velocities  varied  considerably  in  different  portions 
of  their  paths,  and  hence  overtake  collisions  of  considerable  velocity 
wi-re  possible.  These  velocities  were,  however,  of  a  much  lower  order 
than  the  average  velocities  of  meteoritic  collisions.  Many  of  the 
overtakes  must  ob>aously  have  been  due  to  differences  of  velocity  barely 
>ufiicient  to  bring  about  an  overtake.  When  the  average  mildness  of 
impact  is  considered,  in  connection  with  the  intervals  between  impacts 
at  a  given  spot,  the  conviction  can  scarcely  be  avoided  that  the  sur- 
face temperature  would  not  necessarily  have  been  high.    It  seems  prob- 
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able  that  it  would  have  been  moderate  throughout  n 
of  aggregation,  and  certainly  so  in  the  declining  sta 

The  bearing  of  the  mode  of  accretion  on  the  diret 
rotation. — ^We  have  now  reached  a  point  where  the  1 
tested.  It  happens  to  be  a  point  where  all  hypoth 
have  been  supposed  to  be  fatally  at  fault.  The  cr 
in  the  direction  of  rotation  which  would  result  from  tl 
matter  in  this  way.  At  the  same  time,  the  bearing 
broadens,  for  this  vital  question  of  direction  of  rot 
all  forms  of  aggregation  of  independent  bodies  movin 
the  common  center  of  a  system.  For  example,  if 
the  solar  system  be  supposed  to  start  with  a  gaseou 
Laplacian  type,  and  to  proceed  in  the  manner  postu 
imtil  the  planetary  rings  were  formed,  and  if  then 
the  molecules,  resulting  from  mutual  impact,  carried 
gravitative  control  of  the  rings  so  that  they  were 
volved  independently  around  the  central  mass,  tl 
their  aggregation  would  be  as  much  subject  to  the  ti 
the  special  hypothesis  now  under  consideration.  Sc 
of  forming  definite  rings,  the  molecules  were  separat 
posed  gaseous  spheroid,  one  by  one,  as  seems  moi 
separation  by  rings,  their  aggregation  is  equally  open 
fatal  weakness.  So  indeed  is  the  concentration  of 
assemblage  of  discrete  matter  in  which  the  individ 
aggregates  revolve  independently. 

The  lion  in  the  way — and  he  appears  to  have  tur 
pilgrim — is  as  follows:  In  a  ring  revolving  as  a  unity 
rings  are  supposed  to  have  done,  the  outer  part  move 
inner  part;  and  so,  if  a  planetary  ring  parts  at  its  w 
gathers  into  a  globe  about  the  center  of  its  cross-sect: 
forward,  as  shown  in  Fig.  27.  If,  on  the  other  hand 
the  ring  revolve  independently,  the  inner  ones  must  ] 
the  outer  ones,  and  if  they  collect  about  the  middle 
held  that  the  rotation  must  be  retrograde,  as  illustrat 

By  way  of  exception,  to  meet  the  singular  case 
Neptune,  it  has  been  suggested  that  if  the  matter 

*  For  ampler  statements  of  this  difficulty,  see  Faye,  "  Sur  \ 
pp.  165,  270-281,  1896.     Also  Young's  General  Astronomy,  pp.  I 
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rings,  revolving  as  units,  happened  to  collect  about  some  point  other 
than  the  center  of  the  cross-section,  the  foregoing  conclusions  would 
not  hold,  but  if  the  matter  were  drawn  together  by  gravity  simply,  as 
usually  supposed  imder  the  Laplacian  hypothesis,  it  is  not  evident  why 
it  should  not  collect  about  the  middle  part. 

Xow  as  matter  of  fact,  the  six  inner  planets  and  their  satellites 
rotate  forward.    The  satellites  of  Uranus  revolve  backward  in  a  plane 


Fig.  27.  Fio.  28. 

Fig.  27. — RR  represents  a  rin^  of  gas  moving  as  a  unit  and  hence  the  outer  portion 
the  faster.  If  converted  into  a  spheroid,  E,  centrally  located,  the  rotation  is 
forward,  as  shown  by  the  arrow. 

Fig.  28. — PP  represents  a  belt  of  planetesimals  revolving  concentrically  about  the 
center,  S.  If  these  collect  about  the  central  point  of  the  belt  into  a  spheroid,  E^ 
by  the  enlargement  of  the  inner  orbits  or  the  reduction  of  the  outer  ones,  the  con- 
centric arrangement  remaining,  the  rotation  will  be  retrograde,  as  shown  by  the 


inclined  82.2**  to  the  ecliptic;  those  of  Neptime  also  revolve  backward, 
in  a  plane  inclined  34.5®  to  the  ecliptic.  The  rotations  of  these  planets 
themselves  have  not  been  determined.  These  exceptional  inclina- 
tions and  revolutions  have  been  interpreted  as  very  oblique  or  partially 
overturned  revolutions.  Accepting  the  foregoing  premises,  the  prev- 
alence of  direct  rotation  has  been  regarded  as  strongly  confirmatory 
of  an  origin  from  gaseous  rings  rotating  as  imits,  and  as  strongly 
a*  I  verse  to  accretion  from  bodies  revolving  independently.  The  force 
of  this  line  of  reasoning  has  apparently  been  felt  to  be  so  strong  as  to 
be  essentially  fatal  to  the  latter  conception.  It,  therefore,  requires 
critical  consideration. 

The  reasoning  is  good  for  the  special  case  cited,  that  of  a  symmetrical 


is 


nag  of  perf ectlv  cirmlsr  lansL,  in  wliidi  the  inner  b< 
with  the  outer  <»es.  are  supposed  to  strike  their  inner 
about  this  ddicate  sdjustm»it  systanatically,  the  orb 
closely  concentric,  and  the  inner  ones  must  be  enlarg 
ones  be  reduced,  so  that  they  will  approach  concenti 
the  sum  of  the  semi-diameters  of  the  bodies  to  be  im 
esimals  were  arranged  in  strictly  circular  concentric 
separated  from  one  another  at  the  distances  the  cs 
mechanics  by  which  they  could  be  brought  into  this 
collision  consecutively  is  not  evident,  and  has  not 
pointed  out.    It  is  certain  that  their  union  into  a  spl: 
be,  by  any  means,  the  simple    direct  and  rapid  pre 
sumed.*     On  consideration  it  will  be  seen  that  the 
is  a  very  special  and  quite  artificial  one,  for  all  the  p 
orbits  arc  elliptical,  and  are  by  no  means  strictly  conce 

It  becomes  evident,  on  studious  consideration,  tl 
which  could  probably  arise  from  any  actual  antecedc 
c'Hiinals  mxnit  have  had  elliptical  orbits;  for  even  if  th 
gaHOouH  ring  of  the  Laplacian  type,  the  rebounds  o 
m  (hoy  collidcil  and  separated,  must  have  given  rise  t 
olliptloal  orbits*  Kven  in  this  case  the  eccentricities 
hrtNT  Ih>i*i\  many  millioii  tin\os  the  sum  of  the  semi-c 
prtrtiohv^.  h\  (l\o  o;us<^  of  phmotcssimals  derived  from 
fho  orl>i(f<  nro  i^octv^jsjirily  iissignoil  very  notable  eccer 
thfvvo  0A.v(\^,  tho  n\<v5i  axivilablo  mo<io  of  aggregation, 
pvrtoliorthlo  ono,  li<\^  in  the  cTo^nn<j  of  the  orbiU  broug 
f*ons1rt^^1  Fhiflii^  <^f  ihoir  nujor  axos,  a.<!  already  set  : 

N<>N\  rt  pl-^nolr^jjinial  m  a  sn*iAllor  ollipticAl  orbit  cai 
1r\rt  \\iih  f{  ■|^lf^1•m?lvy  ii\iolo\is  in  a  kr|2:c^r  orbit  ojily 
]t^c<c:  <f^holitMi  ]><'vvti<>n  of  ils  ovhit  ooiiiciilos  >wnth  a  more  < 
^^ornt^n  <^l"  ilv  l,<^]*p;or  orhu  of  tbo  niiolo\is,  and  a  planot< 
orMt  tvin  ts^^n^  into  tv^ntaol  wUh  a  planH-an*  mjclous  ' 
f>nl\  wlh'n  n  nit^iv^  or  l<^«<^i  rxr/liolion  ]"v*>nion  of  it-s  orb 
:\  intMN^  or  lo<'v  /:.'»luMion  |>t->nion  oi"  \ho  nuclou^j  orbit,  ass 
Vn  ilnisirnit^  h\  m  jMvn^ouritNN!  <\M»-v.  m  ]>lMnorosimal,  P,  in 
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29. — Diagram  fllust rating  the  condition  under  which  collisions  may  take  place 

in  eiliptiS  orbits  of  the  planetary  type.      S  represents  the  solar  mass  at  the 

center  of   the  system,  £"  the  planetary  nucleus,  B  its  orbit,  p  a  planetesimal  in 

the  orbit  .4,  snialler  than  B,  and  P  a  planetesimal  in  the  orbit  C,  larger  than 

B.      The  case  has  been  so  chosen  as  to  represent  at  once  the  smallest    and  the 

sffEest  ort)its  of  tj-pical  eccentricity  that  can  come  into  contact  with  the  orbit  of 

he  planetary  nucleus.     The  minimum  extreme  is  found  when  the  aphelion  point 

i  the  smalf  ellipse  A  coincides  with  the    perihelion  point  of   the  orbit  of  the 

lanetary  nucleus  B.     In  no  other  position  can  the  orbit  A  touch  the  orbit  B. 

"he  maximum  extreme  is  found  where  the  aphelion  point  of  B  coincides  with 

le  perilielion  point  of  C.    In  no  other  position  can  these  orbits  touch,     lie- 

reen  these  limiting  phases,  represented  by  the  orbits  A   and  C,  there  are  an 

definite  number  of  possible  planetesimal  orbits  that  might  cut  the  orbit  B, 

It   in  all  cases,  except  where  the  orbits  were  like  B,  conjunction  could  arise 

ly  wlien  a  mare  or  less  aphelion  portion  of  an  inner  orbit  touched  or  crossed  a 

re  or  less  perih<4ion  portion  of  B.     If  the  orbits  were  equal,  the  velocities  at 

CTOEtfcings  would  be  equal  and  the  rotating  effects  would  be  nil,  or  neutralized, 

if  they  were  nearly  equal,  the  difference  would  be  slight,  so  that  the  effective 

s  »re  tho«e  of  the  extreme  classes  represented.     Further  explanation  is  given 

le  text. 
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29),  can  only  come  into  contact  with  a  planetary  nucleu 
B,  at  the  point  where  it  is  farthest  from  the  sim,  or  it 
So  likewise  a  planetesimal,  P,  in  the  large  orbit,  C,  cai 
contact  with  the  planetary  nucleus,  E,  at  the  point  where 
comes  nearest  to  the  sun,  its  perihelion.  In  the  first  ci 
nucleus  is  at  its  perihelion;  in  the  second,  at  its  aphe 
chosen  as  limiting  cases;  between  them  there  are  innu 
intermediate  ones.  The  two  selected  are  the  most  e 
results  because  the  differences  in  the  velocities  are  gre 
they  may  be  regarded  as  embracing  the  whole  and  a 
Now  the  vital  point  lies  in  the  fact  that,  at  the  poin 
body  in  the  smaller  orbit  is  moving  slower  than  the  ( 
orbit,  though  on  the  average  it  moves  the  faster.  F 
planetesimal,  P,  at  the  points  where  alone  it  may  cc 
with  the  nucleus,  E,  is  moving  slower  than  E.  If  coll 
at  all,  E  must  overtake  P.  This  may  be  demonstrated 
of  celestial  mechanics,^  but  it  may  also  be  readily  see 
for  at  the  point  of  contact  E  has  a  velocity  suffic 
farther  away  from  the  sim  through  the  larger  orbit  B 
in  the  orbit  -4,  from  deficiency  of  velocity,  falls  hi 
sun.  At  the  points  where  the  planetesimal,  P,  in  the 
alone  come  into  collision  with  the  nucleus,  E,  the  case 
the  planetesimal,  P,  has  the  greater  velocity,  and  mui 
there  is  any  collision  at  all. 

The  varying  effects  of  the  impacts  on  the  rotatic 
in  the  outer  orbit  were  always  to  strike  the  outside  of 
inner  orbit,  as  in  the  ideal  cases  illustrated,  the  impact ' 
to  forward  rotation;  but  the  orbits  may  cross  one  anotl: 
in  the  inner  orbit  may  have  passed  the  crossing  befor 
by  the  body  in  the  outer  orbit,  and  so  the  inertia  ( 
body  may  be  felt  on  the  outer  side  of  the  nucleus  and 
retrograde  rotation.  It  is,  therefore,  necessary  to 
two  opposite  classes  of  effects,  and  to  estimate  the  r 
of  all  probable  collisions.  It  will  be  seen  at  once  tl 
influence  must  be  far  less  in  magnitude  than  the  sum  c 
impacts,  for  the  opposing  classes  neutralize  one  ano 

*  An  elegant  method  of  detennining  the  velocity  of  a  bodv 
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the  resulting  rotation  is  likely  to  be  relatively  low,  though  the  total 
force  of  impact  be  great.  It  is  further  evident  that  the  result  might 
have  varied  considerably  in  the  different  planets,  and  this  is  in  concord- 
ance with  the  varying  rotations  actually  presented  by  the  several 
planets. 

It  is  still  further  obvious,  on  inspection,  that  the  greatest  differences 
of  velocity,  and  hence  the  greatest  rotatory  effects,  must  occur  in  the 
extreme  or  limiting  cases  of  collision  that  occur  at  the  perihelion  and 
aphelion  points  of  the  nucleus'  orbit ;  for,  where  the  orbits  have  more 
nearly  the  same  dimensions  and  the  crossings  are  at  points  intermediate 
between  these  extremes,  the  differences  of  velocity  are  less  and  the 
rotatory  effects  less,  whatever  their  phases. 

The  average  or  residual  effects  of  collisions  in  the  limiting  cases 
may  be  gathered  from  the  case  represented  at  the  left  in  Fig.  30,  in 
which  planetesimals  in  small  orbits  are  overtaken  by  the  nucleus  near 
its  p)erihelion  point,  and  from  the  case  at  the  right  in  which  the  plan- 
etesimals in  the  large  orbit  overtake  the  nucleus  near  its  apheUon  point. 
By  inspecting  the  figure,  it  will  be  seen  that  the  areas  which  represent 
the  possibilities  of  overtake  favorable  to  forward  rotation  exceed  those 
favorable  to  backward  rotation.  This  holds  true  on  the  assumption 
of  an  equable  distribution  of  planetesimals,  which  may  fairly  be  assumed 
a<  the  average  fact,  but  not  necessarily  as  always  the  fact;  and  hence 
the  conclusion  is  not  rigorous,  and  a  backward  rotation  is  not  impossible. 
From  the  nature  of  the  case,  a  varying  rotation  for  the  several  planets 
L-s  more  probable  than  a  nearly  uniform  one. 

It  is  also  obvious  that  the  impacts  on  the  right  and  left  sides  of  a 
growing  nucleus,  as  well  as  those  on  the  outer  and  inner  sides,  might 
bp  unequal,  and  hence  obliquity  of  axis  of  rotation  of  varying  kinds  and 
degrees  might  arise.  As  the  solar  system  presents  these  variations,  the 
method  of  accretion  here  postulated  seems  to  lend  itself  happily  to  the 
requirements  of  the  case. 

The  order  in  which  the  contingencies  of  collision  come  into  play — 
There  is  a  supplementary  factor  arising  from  the  order  in  which  the 
contingency  of  collision  arises.  If  a  planetesimal  is  subject  to  two 
equal  ccmtingencies  of  collision  with  the  planetary  nucleus,  of  opposite 
effect,  it  is  obvious  that  the  one  which  it  first  encounters  has  a  better 
chance  of  realization  than  the  other;  for  if  the  first  is  realized,  the 
second  loses  its  chance.      Now  by  reference  to  Fig.  31  it  will  be  seen 
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is  dependent  on  the  eccentricity  of  its  own  orbit,  and 
tricities  of  the  orbits  of  the  planetesimals  it  gathers  in 

Competitive  nuclei  and  selective  dominance. — It  \i 
there  may  have  been  two  or  more  nuclei  originally  w 
zone.  If  one  of  these  was  notably  smaller  than  the  < 
be  picked  up  by  the  latter,  the  same  as  if  it  were  a  plan 
of  equal  size  might  perhaps  unite,  though  this  would 
take  place.  Two  nuclei  in  nearly  the  same  zone  must 
same  belt  of  planetesimals,  and  must  mutually  inte 
another's  growth.  If  there  were  little  difference  in  thei 
outset,  that  one  which  was  best  spaced  out  from  the  nuc 
ing  zones  would  be  likely  to  become  dominant  by  si 
for  it  would  have  a  better  feeding-ground,  so  to  speak, 
that  was  smaller  at  the  outset,  if  well  separated  from  lai 
might  become  the  dominant  one  by  a  better  growth. 

If  there  were  originally  many  nuclei  of  minor  ma.' 
were  much  scattered,  especially  if  the  planes  of  their 
verse,  the  dominance  of  any  one  might  be  avoided,  and  \ 
of  all  result,  as  in  the  case  of  the  asteroids. 

The  shifting  of  orbits. — It  seems  to  be  a  sure  infere: 
process  of  growth,  the  nucleus  must  have  worked  towa 
the  zone  from  which  it  gathered,  as  a  consequence  of  th 
ing  on  the  richer  side.  For  example,  if  more  planetesin 
up  on  orbits  smaller  than  its  own,  its  orbit  must  havt 
as  a  mechanical  result  of  the  accretion,  for  a  new  orl 
the  union  of  two  bodies,  is  intermediate  between  th 
orbits,  and  hence  smaller  than  the  larger  one.  If  mo: 
were  picked  up  on  the  outer  side,  the  orbit  of  the  nu( 
grown  larger.  The  nucleus,  therefore,  must  have  woi 
center  of  the  richer  feeding-ground,  or  in  average  c 
original  distribution,  toward  the  ground  not  preyed 
nucloi. 

The  spacing-out  of  the  planets. — The  foregoing  j 
toward  a  selection  of  nuclei  for  dominance,  and  to  an  au 
out  of  the  successful  nuclei.  This  process,  if  our  hyj 
should  find  verification  in  the  actual  distribution  of  1 
l)(^  an  exi)lanation  of  it.  This  distribution  should  cc 
eccc^ntricities  of  the  nuclei,  modified  by  the  proportic 
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niab  of  larger  and  smaller  orbits  gathered  in  by  thenu  Assuming 
these  to  have  been  somewhat  equable,  the  planetary  distribution  should 
be  roughly  proportional  to  the  eccentricities  of  the  nuclear  orbits.  As 
a  bads  for  inspection,  let  it  be  supposed  that  the  collecting  zone  of  each 
planet  reaches  half-way  to  its  neighbor  on  either  hand;  and  let  the 
eccentricity  of  the  orbit  of  each  nucleus  be  such  that  the  nucleus  itself 
shall  sweep  its  whole  collecting  zone,  which  is  more  than  the  case 
absolutely  requires.  The  following  are  the  eccentricities  so  derived, 
compared  with  present  eccentricities: 

Assigned  Present 

Eccentricity.    Eccentricity. 

Nucleus  of  Mercury 25±  .2 

Venus 21  .006 

Earth 20  .017 

Mars 28  .093 

A^      VI   /         \  oo  oo  l^d    '^ss;    mean 

Asteroids  (mean) 33  '^    I    ho  t   l*; 

Jupiter 336  .048 

Saturn 366  .056 

Uranus 37  .046 

Neptune 38±  .009 

There  being  no  known  planet  outside  of  Neptune,  the  method  can 
only  be  applied  to  it  by  an  arbitrary  assumption  regarding  its  outside 
collecting  area.  It  may  be  reasonably  assumed  that  the  nucleus  of 
Neptune  represented  the  head  of  the  protuberance,  so  to  speak,  and 
that  its  accretion  was  essentially  all  on  the  inner  side,  which  would  draw 
its  orbit  inward,  according  to  the  principle  above  stated.  This  may 
account  for  its  anomalous  spacing  out.  There  being  no  known  planet 
inside  Merctuy,  the  eccentricity  assigned  it  is  also  in  a  measure  arbi- 
trary. 

With  these  qualifications,  it  will  be  seen  that  the  assigned  eccentrici- 
ties are  quite  harmonious,  and  on  the  whole  they  indicate  a  progressively 
greater  original  eccentricity  from  within  outward.  By  comparison 
with  the  existing  eccentricities,  it  will  be  seen  that  the  assigned  original 
ones  are  much  the  more  consistent.  The  reason  for  this,  under  our 
h>'pothesis,  is  close  at  hand.  According  to  the  principle  of  evolution 
from  eccentricity  toward  circularity,  stated  above,  the  greater  the 
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accretion,  the  greater  the  progress  toward  circularity, 
somewhat  by  the  perturbations  which  the  planets  creal 
orbits,  and  by  the  special  conditions  of  aggregation,  1: 
tially  true.  For  the  large  planets  that  have  dominat( 
zones  and  presumably  swept  them  thoroughly,  the  re< 
tricity  are  subequal.  For  the  very  small  bodies  that 
but  little,  (he  eccentricities  remain  large,  for  the  g 
example,  the  eccentricity  of  Mercury,  the  smallest 
remains  more  than  twice  that  of  any  other  planet, 
smallest  in  size,  comes  next  in  eccentricity  among  t 
the  asteroids,  that  probably  grew  but  little,  have  hig] 
a  rule.  Their  orbits  have  doubtless  been  not  a  little 
great  influence  of  their  powerful  neighbor  Jupiter, 
application  of  so  general  a  law  as  the  one  under  consid 
made  to  the  details  of  their  orbits;  but  the  tenor  of 
suggestive.  The  highest  eccentricity,  .38,  is  as  high  as 
tricity  assigneii  to  the  original  nuclei  of  the  planets, 
oids  whose  diameters  are  fairly  well  known,  the  half 
and  presumably  have  grown  most,  have  orbits  less  ecc 
cent,  than  the  half  that  are  smaller,  and  presumably 
Of  the  orbital  elements  of  278  asteroids  examined,  th 
lowest  inclination  to  the  common  plane  of  the  system, 
atoil  for  accretion,  have  eccentricities  21.9  per  cent.  1 
gnwtor  inclination.  Tlie  orbits  of  Neptune  and  Ven 
ally  circular,  tlie  former  jierhaps  on  account  of  its  oi 
and  nuKlo  of  accretion,  as  previously  su^ested,  the  '. 
not  obvioUvS.  Rigorously  consistent  results  cannot  1: 
such  antoct'^lonts  a.*^  are  jxvstulatcd  in  a  case  of  this  k 
of  consist oticy  noted  is  j)orha|>s  to  bo  regarded  as  much 
th;u\  the  doi>{irturos  from  it.  If  this  \new  of  the  s] 
platiots  l>o  ontortainod,  a  rational  law  may  be  substitu 
numerical  formulation^  knoxMi  as  liodo's  law,  viz., 
has  }}ecn  (Jerii^ed  from  a  fairly  conM.<itent  variaiion 
ermitrintie.'^  of  the  planetesinwl^  and  JUiclei  of  the 
irhich  the  mder  ?/Yrf  symmetricaUy  greater  than  the  inn 
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SUMMARY. 

The  planetesimal  hypothesis  thus  assumes  that  the  solar  system 
was  derived  from  a  nebula  of  the  most  common  type,  the  spiral,  and 
that  the  matter  of  this  parent  nebula  was  in  a  finely  divided  solid  or 
Ii<iuid  state  before  aggregation,  in  harmony  with  the  continuous  spectra 
of  spiral  nebulae.  It  regards  the  knots  of  the  nebula  as  the  nuclei  of 
I  he  future  planets,  and  the  nebulous  haze  as  matter  to  be  added  to  these 
nuclei  to  form  the  planets.  It  assumes  that  both  the  knots  and  the 
panicles  of  the  nebulous  haze  moved  about  the  central  mass  in  elliptical 
orbits  of  considerable,  but  not  excessive,  eccentricity.  It  postulates 
a  simple  mode  of  origin  of  the  nebula  connected  with  the  not  improbable 
event  of  a  close  approach  of  the  ancestral  sim  to  another  large  body, 
but  the  main  hypothesis  is  not  dependent  on  this  postulate. 

It  assigns  the  gathering-in  of  the  planetesimals  to  the  crossing  of 
I  he  elliptical  orbits  in  the  course  of  their  inevitable  shif tings.  Out 
^«f  this  process  and  its  antecedents,  it  develops  consistent  views  of  the 
reqmsite  distribution  of  mass  and  momentum,  of  the  spacing  out  of 
I  he  planets,  of  their  directions  of  rotation,  of  their  variations  of  mass, 
of  their  varjHing  densities,  and  of  other  peculiarities. 

It  deiluces  a  relatively  slow  growth  of  the  earth,  with  a  rising  internal 
temperature  developed  in  the  central  parts  and  creeping  outward. 
With  such  a  mode  of  growth,  the  stages  of  the  earth's  early  history 
necessarily  depart  widely  from  those  postulated  by  the  Laplacian 
and  the  meteoritic  h>7)otheses.    These  stages  now  claim  our  attention. 


CHAPTER  II. 

THE  HYPOTHETICAL  STAGES  LEADING   UP  TO  TH! 

The  hypotheses  of  the  earth's  genesis  having  no^ 
the  several  stages  of  evolution  that  led  up  to  the 
legible  record  of  Archean  times  claim  attention.  ' 
as  yet  hypothetical,  and  the  views  presented  are  t 
with  appropriate  reserve.  The  study  of  these  stages 
imperative,  for  during  them  the  broader  phases  of  the 
were  brought  into  action,  the  essential  features  of 
were  determined,  and  even  the  salient  lines  of  its  re 
out;  and  these  have  been  perpetuated,  in  their  gra 
the  present  time.  Since  these  dominant  characters  w 
of  the  preceding  history,  they  are  to  be  interpreted 
the  forming  earth  is  thought  to  have  followed  the  gj 
with  cooling  as  its  great  event,  or  (2)  to  have  grown 
with  increasing  heat  and  gravity  as  its  leading  fe£ 
than  these  two  lines  of  development  seems  to  req 
sideration  at  present,  for,  however  the  genetic  procesi 
ably  glided  into  the  one  or  the  other  of  these  altemal 
the  era  was  reached  which  gave  to  the  earth  its  final  f 
therefore,  to  outline  in  succession  (I)  the  stages  o 
under  the  gaseo-molten  hypothesis,  as  commonly 
(II)  a  modification  of  these  stages  designed  to  < 
raised  by  recent  investigations,  and  (III)  the  s 
accretionary  hypothesis. 

I.  STAGES  UNDER  THE  COMMON  FORM  OF  THE 

(LAPLACIAN)   HYPOTHESIS. 

The  hypothetical  stages  arising  from  the  Lap] 
nowhere  been  stated  more  definitely  and  succinctly  t 
Dana,^  and  his  synopsis  is  here  introduced  as  a  tyj 

*  Manual  of  Geology,  4th  edition,  pp.  440,44 
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the  general  conceptions  that  have  been  entertained  by  the  majority 
of  geologists  during  the  past  century. 

"  L  Hie  Astral  son,  as  it  has  been  called,  or  that  of  the  fluid  ^be  having  a 
heavy  vaporous  envelope,  containing  the  future  water  of  the  ^obe  ot 
its  dissociated  elements,  and  other  heavy  vapors  or  gases. 
II.  The  Azoic  seon.    Without  life. 

1.  The  Lithic  Era:  commencing  with  the  earth  a  solid  ^obe,  or  at  least 
solid  at  the  surface ;  the  temperature  at  the  beginning  above  2500°  F. ; 
the  atmosphere  still  containing  all  the  water  of  the  ^be  (amount- 
ing to  200  atmospheres,  according  to  Mallet,  1880),  all  the  carbonic 
acid  now  in  limestone  and  that  corresponding  to  the  carbon  now 
in  carbonaceous  substances  and  organic  substances  (probably  50 
atmospheres),  all  the  oxygen  since  shut  up  in  the  rocks  by  oxidation, 
as  well  as  that  of  the  atmosphere  and  of  organic  tissues.  The  time 
when  lateral  pressure  for  crustal  disturbance  and  orographic  work 
was  begim;  when  'statical  metamorphism,'  or  that  dependent 
on  heat  of  a  statical  source, — the  earth's  mass  and  the  vapors  about 
it, — began. 
2m  The  Oceanic  Era:  commencing  with  the  waters  condensed  into  an  ocean 
over  the  earth,  or  in  an  oceanic  depression,  ^lith  finally  some  emerging 
lands, — the  temperature  perhaps  about  500°  F.,  if  the  atmospheric 
pressure  was  still  50  atmospheres.  The  first  of  tides  and  the  beginning 
of  the  retardation  of  the  earth's  rotation.  Oceanic  waves  and  currents 
and  embr}'o  rivers  begin  work  about  the  emerged  and  emerging  lands; 
the  large  excess  of  carbonic  acid  and  oxygen  in  the  air  and  water 
a  source  of  rock-destruction;  before  the  close  of  the  era,  the  forma- 
tion of  limestones  and  iron-carbonate  by  chemical  methods,  removinj» 
carbonic  acid  from  the  air  and  so  commencing  its  purification; 
the  accumulation  of  sediments  ^lithout  inmiediate  crj'stallization  or 
metamorphism,  and  thereby  the  beginning  of  the  earth's  supercruat, 
ni.  The  Archaozoic  a?on.    Life  in  its  lowest  forms  in  existence. 

1.  The  Era  of  the  First  Plants:  Alga*,  and  later  of  aquatic  Fungi  (Bacteria),. 

commencing  >rith  the  mean  temperature  of  the  ocean  at  possibly 
150°  F.,  since  plants  now  live  in  waters  up  to  and  even  above  180°  F. 
Limestones  formed  from  vegetable  secretions,  and  silica  deposits 
from  silica  secretions;  iron  carbonate,  and  perhaps  iron  oxides: 
formed  through  the  aid  of  the  carbonic  acid  of  the  atmosphere  and 
water;  large  sedimentary  accumulations,  where  conditions  favored, 
thickening  the  supercrust. 

2.  The  Era  of  the  First  Animal  Life:   mean  temperat'ore  at  the  beginning 

probably  about  115°  F.,  and  at  the  end  90°  F.,  or  lower;  limestones 
and  silica  deposits  formed  from  animal  secretions;  deposits  of  iron- 
carbonate  and  iron-oxides  continued;  large  sedimentary  accumula 
tions-" 
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Difficulties   Encountered   by   the    Gaseo-Molte 

Quite  apart  from  the  question  of  its  general  tr 
sources  of  serious  dissatisfaction  with  the  preceding  v 
earth-stages  have  grown  out  of  recent  investigations, 
from  failure  to  find  any  great  basal  formation  bearinj 
characters  of  an  original  crust;  and  the  other,  from  i 
relative  to  the  prodigious  atmosphere  postulated. 

1.  Evidence  Relative  to  an  Original  Cru 

The  theory  of  a  molten  earth  carries  the  presui 
liquid  mass  arranged  itself  in  concentric  layers  accor 
cific  gravities  of  the  constituents,  if  convection  was  nc 
to  prevent  this.  As  the  granitoids  constitute  the 
igneous  rocks,  their  molten  magma  has  been,  very  cons: 
to  the  outer  zone  of  the  molten  earth, while  the  magm 
neutral  and  basic  rocks  have  been  assigned  to  lo^ 
conception  was  long  ago  set  forth  definitely  by  Dure 
lated  an  outer  zone  of  rock  derived  from  an  ''acid 
lower  zone  derived  from  a  ''basic  magma."* 

If,  however,  it  be  assumed  that  convection  was  too 
mit  such  concentric  arrangement  of  liquid  layers,  tl 
an  intimate  mixture  of  material  must  be  substituted  i 
entiated  layers,  but  the  outer  zone  of  rock  must  pr< 
been  homogeneous  in  the  larger  sense,  for  the  cone 
nent  areas  of  lighter  rock  in  one  region,  and  heavier 
at  the  same  time  and  in  the  same  horizon,  is  inco] 
principles  of  hydrostatic  equilibrium. 

The  theoretical  crust  a  universal  identifiable  subst 
■case,  a  characteristic  surface  of  lava,  either  sensi) 
or  homogeneously  mixed,  and  in  approximate  hydros 
should  have  constituted  the  material  which  solidified 
crust.  This  crust  should,  therefore,  be  a  universe 
a  distinctive  character  and  susceptible  of  definite 
specially  complete  state  of  crystallization,  of  the  a 

'  A  clear  statement  of  this  logical  view  is  given  in  Haughton' 
p.  3,  to  which  is  added  a  translation  of  Durocher's  notable  e 
petrology,  in  which  the  doctrine  is  elaborated. 
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seems  to  be  a  necessary  attribute  of  a  rock  formed  from  a  molten  globe, 
e-xcept  at  the  very  surface,  for  the  process  of  cooling  must  have  been 
very  slow,  and  the  conditions  for  the  growth  of  the  crystals  most  pro- 
pitious. The  primitive  formation  should  hence  be  of  the  most  mas- 
sive and  declared  holocrystalline  type.  Its  distinctive  character 
could  scarcely  be  disguised  beyond  recognition  by  any  probable  kata- 
morphism  at  a  later  date. 

Tbe  limitations  of  pyroclastic  concealment  of  the  crust. — No  very 
large  amount  of  scoriaceous  and  fragmental  material  can  be  assumed 
to  have  been  heaped  upon  the  original  crust  consistently  with  the 
hjT)othesis  in  the  form  above  stated;  for  the  assumption  that  the  primi- 
tive atmosphere  contained  all  the  future  water  of  the  hydrosphere 
leaves  no  appreciable  explosive  agency  in  the  molten  globe  to  pro- 
duce such  material.  The  atmospheric  and  hydrospheric  constituents, 
by  the  terms  of  the  hj'pothesis,  had  either  never  condensed,  or  had 
been  thoroughly  boiled  out  of  the  white-hot  mass.  This  is  not  an 
undue  forcing  of  the  mere  phrasing  of  the  hypothesis,  for  not  a  few 
familiar  doctrines  and  working  conceptions  have  been  built  upon  the 
assimied  exclusion  of  the  hydrospheric  and  atmospheric  constituents 
from  the  primitive  rocks.  The  permanent  concealment  of  the  orig- 
inal crust  under  pyroclastic  material  cannot,  therefore,  consistently 
be  assimied  without  modifying  the  hjT^othesis,  for  many  thousand 
feet  have  been  eroded  from  the  surface  of  the  oldest  known  areas. 

The  adverse  bearing  of  recent  discoveries. — Until  recently,  the 
great  granitoid  areas  of  the  Archean  series  were  thought  to  meet 
ver>-  fairly  the  theoretical  requirements  of  the  case;  but  it  has  been 
(Uncovered  in  no  less  than  five  of  the  regions  most  critically  studied, 
that  many  of  these  great  granitoid  masses  are  intrxLsive,  and  that  thoy 
liave  been  forced  into  rocks  that  were  formed  on  the  surface  by  lava 
outflows,  volcanic  fragmentation,  or  surface  sedimentation.  Tliis  sig- 
nificant discover}'  was  made  almost  contemporaneously  by  geologists 
of  Canada,  the  United  States,  Great  Britain,  Scandinavia,  and  Finland. 
While  such  an  intrusive  nature  has  not  yet  been  proved  for  all  the  groat 
granitoid  masses  of  all  Archean  areas,  the  presumption  now  lies  in 
that  direction.  The  new  interpretation  thus  reduces  to  an  unknown, 
if  not  a  vanishing  quantity,  the  area  of  massive  crystalline  rock  that 
can^  with  plausibility,  be  referred  to  the  supposed  original  crust.  Bu^ 
the  theoretical  necessity  for  a  large  area  of  such  rocks,  if  the  molt 
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hypothesis  in  this  form  is  to  be  retained,  has,  at  the  sa 
more  imperative  with  progressive  investigation;  for  it 
all  the  vast  series  of  sediments  must  have  been  derived  f: 
crust  and  from  such  extrusions  as  have  since  come  from 
it  is  becoming  more  and  more  evident  that  the  originj 
main  portion  of  this  material  was  the  present  land  area 
ate  borders.    There  is  now  no  satisfactory  evidence 
reversal  of  continental  and  oceanic  areas,  as  was  on( 
postulated.    Abysmal  deposits  do  not  appear  in  the  co: 
if  one  or  two  equivocal  cases  be  set  aside;  and  if  abyg 
not  been  added  to  the  continents,  continental  areas  ca 
sunk  to  abysmal  depths,  without  destroying  the  critical 
sea  to  the  land  which  seem  to  have  been  constantly  mail 
is  now,  therefore,  little  or  no  plausible  groimd  for  supp 
abysmal  portions  of  the  crust  were  thrust  up  into  higl: 
ported  there  till  great  sedimentary  series  were  deriv 
and  then  withdrawn  to  abysmal  depths  again.    This  a: 
not  be  pushed  so  far  as  to  shut  out  mutual  encroachm 
sions  of  shallow  sea  on  land — which  have  been  numerc 
changes  in  the  relations  of  the  deep  basins  and  the  c< 
forms;   but  it  is  probably  quite  safe  to  conclude  that 
now  buried  beneath  the  sea,  and  not  reckoned  in  the 
are  greater  in  amoimt  than  any  sediments  that  may  ha^^ 
from  portions  of  the  primitive  land  areas  now  buried  b 
in  other  words,  it  is  probably  quite  safe  to  assume  that  a 
derivative  material  as  is  now  represented  by  I  he  knc 
has  come  from  the  present  land  areas.     There  shouk 
large  areas  of  the  original  crust  now  occupying  the  su 
other  areas  lying  beneath  the  sedinientarj^  series  in  such 
accessible  incidentally  here  and  there.    If  the  trend  of  : 
gat  ion  shall  follow  the  present   tendency,  and  exclude 
rocks  of  the  Archean  areas  from  the  original  crust,  the 
in  its  original  form,  will  have  lost  its  observational  supp 

2.  Atmospheric  Difficulties. 

The  second  point  of  growing  dissatisfaction  is  a  C( 
preceding  one,  for  both  spring  from  the  assumption  tl 
phoric  and  hydrospheric  gases  were  e]pl      'd  from  the  mc 
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is  on  this  ground  that  the  primitive  atmosphere  is  held  to  have  been 
vast,  hot,  and  heavy,  and  to  have  contained  all  the  water  of  the  globe, 
all  the  carbonic  acid  now  in  limestone,  and  that  corresponding  to  the 
carbon  now  in  carbonaceous  deposits  and  in  organic  substances,  all 
the  oxygen  since  shut  up  in  the  rocks  by  oxidation,  as  well  as  that  of 
the  atmosphere  and  of  organic  tissues  (p.  83).  The  assumption  back 
of  this  seems  to  be  that  heat  always  promotes  gaseous  expulsion,  and 
if  so,  the  separation  of  the  gases  from  the  extremely  hot  molten  rock 
should  certainly  have  become  most  complete  in  the  white-hot  primitive 
globe.  Under  this  view,  absorption,  rather  than  expulsion,  should 
have  been  the  rule  in  all  later  and  colder  states.  This  fimdamental 
conception  has  been  widely  entertained,  and  has  foimd  familiar  expres- 
sion  in  certain  volcanic  hypotheses,  in  the  supposed  absorption  of  a 
former  atmosphere  and  hydrosphere  of  the  moon  into  that  body,  and 
in  well-known  prophecies  of  a  similar  doom  for  the  envelopes  of  the 
earth. 

The  adverse  evidence  of  early  life. — ^The  more  the  physiological 
functions  and  adaptations  of  the  early  life  are  compared  Avith  those 
of  modem  life,  the  more  nearly  identical  they  appear  to  be,  and  the 
more  scant  has  become  the  basis  for  postulating  profoundly  different 
atmospheric  and  thermal  conditions  in  early  times.  This  observation 
is  not  confined  to  the  discover)-  of  air-breathing  animals  far  back  in 
geologic  hist  or}',  when  a  prohibitive  excess  of  carbon  dioxide  should, 
theoretically,  have  still  remained  in  the  air,  but  relates  as  well  to  various 
adaptations  found  in  nearly  all  forms  of  life,  plants  not  less  than  animals. 
For  example,  the  xerophytic  organs  of  some  plants  that  lived  in  the 
later  half  of  the  Paleozoic  era  are  perhaps  as  irreconcilable  with  a 
vast  hot  vaporous  atmosphere,  overcharged  with  carbon  dioxide  and 
water-vapor,  as  is  the  presence  of  the  flying  insects  with  their  extremely 
active  organizations. 

Incongruities  on  the  physical  side. — ^An  atmosphere  so  heavily  sur- 
chargecl  with  carbon  dioxide  and  water-vapor  must  have  been  rich  in 
ht-at-absorbing  power,  and  should  have  given  a  very  warm,  ecjuable 
climate  to  the  earth,  as  has  been  rightly  assumed.  Warm  equable 
Climates  did  indeed  prevail  in  a  portion  of  the  earlier  history  of  the 
earth,  as  also  in  the  later;  but  the  investigations  of  the  past  two 
iJecades  in  India,  Australia,  and  South  Africa  have  forced  the  recognition 
of  extensive  glaciation  on  the  very  border  of  the  tropics,  at  a  period  as 
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early  as  the  closing  Paleozoic.  Evidences  of  glaciatioE 
Europe,  and  also  in  China  in  about  30°  N.  Lat.,  at  or 
the  Cambrian,  has  recently  been  presented.  Less  strik 
not  less  significant,  is  the  occurrence  in  the  early  Paleo; 
salt  and  gypsum  beds  in  rather  high  latitudes.  These 
imply  severe  and  protracted  aridity,  and  such  aridity, 
north  of  the  30°  belt,  is  not  readily  reconcilable  wi 
equalizing  atmospheric  envelope. 

There  seem,  therefore,  to  have  been,  in  Paleozoic 
same  alternations  of  very  imiform  with  very  diversifi" 
marked  the  Mesozoic  and  Cenozoic  eras;  in  other  wo: 
tions  of  climate  seem  to  have  been  of  much  the  same  ( 
the  known  eras.  The  hypothesis  of  an  enormous  orif 
suffering  gradual  depletion  finds,  therefore,  but  scar 
support  in  a  critical  study  of  either  the  biological  or 
tory  of  the  earth. 

II.  A  MODIFICATION  OF  THE  PRECEDIN 

Can  the  gaseo-molten  hypothesis  be  modified  to  i 
culties?    The  especially  troublesome  phases  of  the 
from  the  assumption  that  the  atmospheric  and  hydrosp 
kept  out  or  forced  out  of  the  hot  molten  globe,  and 
vast  atmospheric  envelope.    If  amendment  be  possibl 
rently  consist  in  assuming  that  lavas,  however  hot, 
quantities  of  gaseous  constituents  which  may  be  c 
Existing  lavas  bring  to  the  surface  great  volumes  of 
They  are  disposed  to  discharge  these,  however,  for  t 
under  usual  surface  conditions;   but  the  limits  of  thij 
not  yet  well  imderstood;   indeed,  the  whole  subject  o: 
and  retention  of  gases  in  molten  rock  is  imperfectly 
not  inconsistent,  however,  with  present  knowledge  to 
molten  globe  of  rock,  arising  from  vaporized  rock-si 
retain  large  quantities  of  the  atmospheric  gases  so  lon| 
in  the  liquid  state,  and  part  with  them  only  when  it 
admissible  to  go  even  further,  and  assume  that  mucl 
phcric  material  might  remain  occluded  in  the  solid 
gelation,  since  igneous  rocks  now  contain  notable  quanti 
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making  these  assumptions^  it  may  be  held  that  during  the  molten  state 
the  gases  were  not  fully  separated  from  the  molten  mass,  but  that  the 
gases  in  the  molten  globe  and  those  in  the  atmosphere  above  took  on 
a  state  of  equilibrium  relative  to  one  another,  the  special  terms  of 
which  are  as  yet  im  known,  but  which  were  of  such  an  order  that  a 
large  part  of  the  future  atmosphere  and  hydrosphere  was  retained 
within  the  body  of  the  earth.  When,  later,  the  external  atmosphere 
was  consimied  by  reaction  on  the  surface  rocks,  the  previous  equi- 
librium was  destroyed,  and  any  residue  of  liquid  material,  charged 
under  the  previous  condition,  would,  when  freed  from  confinement, 
discharge  an  additional  part  of  its  gases.  That  portion  of  the  mass 
which  solidified  under  the  earlier  conditions  of  equilibrium  may  also 
be  supposed  to  have  retained  much  gaseous  material,  which  was  freed 
later  imder  suitable  conditions.  Under  this  conception,  the  primitive 
atmosphere  was  much  less  extensive  than  that  postulated  by  the 
standard  form  of  the  hypothesis,  and  much  more  gaseous  material 
was  held  in  reserve  in  the  earth-body  to  actuate  future  vulcanism  and 
to  feed  the  atmosphere  and  hydrosphere. 

With  this  basis,  the  modified  view  supposes  that  the  formation 
of  the  crust  was  followed  by  a  period  of  exceptional  volcanic  activity, 
and  that  this  volcanic  stage  was  so  prolonged  and  so  effective  that 
the  primitive  crust  was  deeply  buried  under  volcanic  extrusions,  and 
has  since  been  rarely,  if  at  all,  exposed,  and  that  the  sedimentary  series 
was  derived  chiefly  from  the  volcanic  series.  Some  of  the  extruded 
material  is  supposed  to  have  constituted  lava-flows  and  some  of  it 
massive  embossments,  while  much  of  it  consisted  of  the  fragmental 
products  of  the  explosive  gases.  As  the  series  was  built  up,  it  became 
subject  to  intrusions  forming  dikes,  sills,  and  batholiths.  When  the 
siu^ace  temperature  had  fallen  below  the  boiling-point  of  water,  aqueous 
action  gave  rise  to  sedimentary  deposits  which  mingled,  as  minor 
elements,  vriih  the  dominant  volcanic  constituents. 

These  features  fit  fairly  well  the  characteristics  of  the  earliest  known 
rocks,  as  now  interpreted.  If  this  supplemental  volcanic  action  be 
msAe  extensive  enough,  the  difficulty  arising  from  the  apparent  absence 
of  the  rocks  of  a  primitive  crust  is  avoided. 

The  h}TX)thesis  thus  modified  is  not  altogether  successful  in  meet- 
ing the  atmospheric  difficulties  mentioned  above  (p.  86),  for  the  primi- 
tive atmosphere,  supplemented  by  the  accessions  of  this  great  vo 
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<5anic  period,  should  have  given  a  vast  gaseous  envel 
a  history  not  altogether  unlike  that  of  the  precedin 
less  excessive  in  its  terms. 

The  modified  hypothesis  furnishes  a  better  ground 
view  for  elucidating  the  volcanic  activity  of  later  periods 
ing  the  loss  of  the  atmosphere  due  to  chemical  combi 
surface  rocks;  but  it  is  not  clear  that  it  is  adequate, 
tion  is  offered  as  a  possible  emendation  of  the  more 
of  the  gaseo-molten  hypothesis  touching  two  radica 
the  latter  seems  to  fail  to  meet  the  requirements  of  ac 
«dge. 

Stages  under  the  Modified  Hypothesis. 

The  stages  of  evolution  under  this  view  may  be 
follows: 

I.  The  astral  eon. — ^The  separation  of  the  materia 
from  the  parent  nebula  and  its  aggregation  into  a  i 
spheroid. 

II.  The  molten  eon. — The  condensation  of  the  roc] 
gaseous  spheroid  into  a  molten  spheroid  which  was  s 
hot  vaporous  atmosphere;  but  the  molten  spheroid  never 
occluded  within  itself,  some  large  part  of  the  water  of  th 
sphere,  as  well  as  much  of  the  carbon  dioxide  represen* 
ent  carbonates  and  carbonaceous  deposits. 

III.  The  lithic  eon. — The  solidification  of  the  n 
beginning  most  probably  at  the  center,  on  account  c 
possibly  continuing  thence  to  the  surface,  but  perhaps 
at  the  surface,  at  a  later  stage,  and  solidifying  down 
solidifying  portions  at  length  meeting,  or  partially 
rise  to  essential  solidity  of  the  whole.  In  this  resj 
may  be  accommodated  to  the  various  phases  of  opini 
joct.  The  first  mode  of  solidification  is  not  altogeth 
the  modified  hypothesis,  for  the  solidification  rising  fr< 
not  improbably  force  out  the  larger  portion  of  the 
while  the  surface  was  yet  liquid  The  view  that  the 
over  while  yet  there  was  at  least  a  deep  molten  layer 
the  general  conception,  and  s  the  main  basis  for  the  i 
late. 
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rV'.  The  primitive  volcanic  eon. — Prodigious  volcanic  action,  closely 
foUowing  the  solidification  of  the  crust,  during  which  the  forcing  out 
of  lavas  from  below  by  the  progressive  crystallization  of  the  remain- 
ing magma,  or  by  plutonic  stresses,  was  the  leading  event,  the  result 
being  great  beds  of  lava  and  tuffs  on  the  surface,  and  later  great  intru- 
sions of  other  lavas  into  and  through  these.  The  surface  flows  were 
formed  largely  of  the  more  fluent  lavas,  and  hence  were  generally  of 
the  basic  or  neutral  class,  and  the  pyroclastics  were  predominantly 
of  the  same  type,  while  the  intrusions  were  more  largely,  though  not 
wholly,  of  the  stiff  acidic  type.  Later,  under  metamorphic  action, 
the  basic  lavas  became  schists  in  part,  and  the  acidic  gneisses, 
neither  class,  however,  excluding  the  other.  Contemporaneously  with 
this  volcanic  action,  but  quite  subordinate  to  it,  atmospheric  and 
hydrospheric  action  is  postulated,  resulting  in  sedimentary  deposits 
interlaid  with  the  volcanic,  but  in  greatly  inferior  quantity.  The 
presence  of  life  is  implied  by  carbonaceous  elements  in  the  sedimen- 
taries.  This  period  corresponds  to  the  Archeozoic  eon,  as  limited 
by  those  geologists  who  separate  the  Archeozoic  from  the  Proterozoic 
(.\lgonkian)  sj'stem. 

\\  The  sedimentary  eon. — The  remaining  time,  reaching  to  the 
[►resent,  is  characterized  by  the  dominance  of  atmospheric  and  hydro- 
spheric  action  over  volcanic,  and  is  recorded  by  the  ordinary 
elastics,  sandstones,  mudstones,  etc.,  derived  from  well-decomposed 
rricks,  and  by  limestone.  It  begins  with  the  Proterozoic  sedimentaries 
and  extends  to  the  present  time,  embracing  the  Paleozoic,  Mesozoic, 
and  Cenozoic  svstems. 

Under  this  scheme,  the  accessible  record  is  made  to  begin  with 
Sifine  stage  of  the  volcanic  eon,  but  probably  not  the  earliest. 

III.    STAGES  OF  GROWTH  UNDER  THE  ACCRETION  (PLANET- 

ESIMAL)   ffi^POTHESIS. 

It  is  theoretically  possible  that  the  earth  may  have  grown  up  by 
acces^ons  in  waj's  other  than  those  sketched  imder  the  planetesimal 
hj-potbesis,  as  set  forth  in  this  work,  and  so  it  is  necessarj'^  to  recog- 
nize that  accretionarj'^  evolution  is  not  necessarily  identical  with  planet- 
eeinial  evolution,  but  the  latter  is  taken  as  a  type  form  and  furnishes 
the  basis  for  the  following  sketch  of  evolutionary  stages. 
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T.  The  Nuclear  Stage. 

Under  the  planetesimal  hypothesis,  the  earth  is  \ 
started  as  a  nebular  knot,  acting  as  a  nucleus,  an 
gradually  to  its  present  mass  by  accessions.  It  doe 
important,  geologically,  to  consider  the  special  stat 
nucleus  if  it  be  granted,  for  the  reasons  previously 
that  it  constituted  only  a  small  fraction  of  the  gro^ 
mass  were  quite  small,  there  is  reason  to  assume  that 
of  material  of  high  molecular  weight,  since  light 
probably  escape  by  virtue  of  their  high  velocities,  ex 
coherent  with,  or  occluded  in,  heavier  material.  The  n 
to  have  been  originally  an  assemblage  of  planetesimals 
by  their  mutual  gravity,  and  to  have  passed  grad 
nucleus  in  connection  with  the  capture  of  outside  p 
the  planetesimals  were  solid  aggregates  in  the  main,  i 
elastic,  their  collisions  mutually  destroyed  their  oi 
a  certain  proportion  of  cases,  and  led  to  their  collect 
In  other  cases  the  orbital  motions  were  increased,  but 
which  were  thus  temporarily  driven  away  were  subj» 
capture. 

II.  A  Possible  Atmosphereless  Sta 

As  the  solid  nucleus  thus  formed  may  not  have  bee 
to  control  a  gaseous  envelope  in  its  earlier  stages, 
phereless  stage  is  to  be  recognized.  Just  how  mai 
body  must  be  to  hold  permanently  an  appreciable  t 
accurately  computable  at  present,  because  of  the 
of  some  of  the  factors  involved.^    A  fairly  safe  con 

*  The  following  papers  bear  upon  this  subject:  G.  Johnstone 
of  the  Absence  of  Hydrogen  from  the  Earth's  Atmosphere,  ar 
from  the  Moon,   Roy.   Dublin  Soc,   1892.     G.  Johnstone  Ston 
upon  Plants  and  Satellites,  Trans.  Roy.  Dublin  Soc,  2  series, 
p.  305.     T.  C.  Chamberlin,  A  Group  of  Hypotheses  bearing  on  CI 
of  Geol.,  Vol.  V,  1897,  p.  653.     G.  Johnstone  Stoney,  On  the  P 
tlie  Earth's  Atmosphere,  and  its  Relation  to  the  Kinetic  Theoi 
Jour.,  Vol.  VIII,  Dec.  1898,  p.  316.   S.  R.  Cook,  On  the  Escape  of 
Atmospheres  according  to  the  Kinetic  Theory,  Astrophys.  Jour 
p.  36.     G.  Johnstone  Stoney,  On  the  Escape  of  Gases  from  PI 
According  to  the  Kinetic  Theor}',  No.  I,  Astrophys.  Jour.,  V< 
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haps  be  drawn  from  known  celestial  bodies.  The  moon  (1/81  of  earth  s 
mas?)  has  no  detectable  atmosphere,  nor  has  any  smaller  body,  whether 
satellite  or  asteroid,  so  far  as  known.  Mars  (1/9.34  of  earth's  mass) 
has  an  appreciable  but  aj^arently  quite  limited  atmosphere.  The 
limit  between  atmosphereless  and  atmosphere-bearing  bodies  probably 
lies  between  the  two,  i.e.,  roundly,  between  1/80  and  1/10  of  the  earth's 
niass. 

The  mass  of  Mercury,  imfortunately,  is  not  known  with  satisfactory 
accuracy,  because  it  has  no  satellite  and  offers  no  other  ready  means 
of  determination.  Values  all  the  way  from  1/26  to  1/9  of  the  earth's 
mass  have  been  assigned.  Mercury  gives  no  distinct  signs  of  atmos- 
pheric refraction,  and  its  reflection  of  light  (albedo)  is  very  low,  even 
lower  than  that  of  the  moon,  and,  like  that  of  the  moon,  is  rela- 
tively much  stronger  for  surfaces  normal  to  the  line  of  incidence  and 
of  \'ision  than  for  those  oblique  to  it,  which  is  characteristic  of  a  rough 
surface.  All  this  implies  the  absence  of  an  atmosphere  and  hydrosphere 
of  suflScient  value  to  give  effect  ive  reflection  of  themselves,  or  to  develop 
a  good  reflecting  body  by  smoothing  down  the  surface  and  filling  up 
the  pores.  On  the  other  hand,  certain  lines  of  the  planet's  spectrum 
have  been  thought  to  imply  the  presence  of  water-vapor,  but  this  is 
not  conclusive.  The  probabilities  seem  to  be  that  Mercury  has  no 
atmosphere  that  is  effective  as  a  weathering  or  degradationaJ  agent, 
which  is  the  point  of  geologic  interest.  This  brings  the  limit  of  appre- 
c'lable  atmosphere  much  nearer  Mars  than  the  moon,  and  justifies  the 
provisional  conclusion  that  if  the  yoimg  earth  had  no  more  than  1/20 
of  its  present  mass  it  probably  possessed  no  atmosphere  of  appreciable 
geological  efficiency,  but  that,  when  it  had  gained  1/10  of  its  present 
mass  (radius  probably  about  2100  miles)  an  appreciable  though  rela- 
tively slight  atmosphere  surrounded  it. 

III.  The  IxrriAL  Atmospheric  Stage. 

The  origin  of  the  atmosphere. — ^The  origin  of  the  atmosphere  imder 
the  gaseo-molten  line  of  evolution  has  become  familiar.  Its  origin 
imder  the  accretion  hjrpothesis  is  so  different  as  to  present  more  points 
of  contrast  than  of  similarity.    When  the  growing  earth  reached  a 

251 ;   Xo.  II,  Ibid.,  June  1900,  p.  325.    G.  Johnstone  Stoney,  Note  on  Inquiries  as  U 
the  Escape  of  Gases  from  Atmospheres,  Ibid.,  Vol.  XII,  October  1900,  p.  201. 
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The  gases  chiefly  occluded  in  meteorites  and  in 
rocks  (Vol.  I,  pp.  619-620)  are  hydrogen,  carbon  dioxi< 
oxide,  in  leading  amounts,  and  marsh-gas  and  nitrogen 
tities.    It  is  assumed  that  the  gases  of  the  aggregate 
and  hence  those  of  the  interior  of  the  early  earth    w 
order  of  abimdance.    There  is  experimental  groimd  fo: 
at  the  right  temperatures  and  pressures,  hydrogen  woi 
from  ferric  oxide  (which,  from  the  analogy  of  igneous 
orites,  may  be  presumed  to  have  aboimded  in  the  earl 
therewith  form  water.    The  gases  extruded  from  the 
therefore,  have  been  largely  water-vapor  and  the  carl 
minor  quantities  of  hydrocarbons  and  nitrogen.    To 
added  such  chlorine,  sulphur,  and  other  temporary  gase 
ingredients  of  the  rock-material  might  contribute  tl 
action;    but  these  chemically  vigorous  constituents  ' 
soon  disappear  by  imion  with  the  rock-material.    It 
carbon  monoxide  would  pass  into  carbon  dioxide,  as 
accumulate  in  the  atmosphere,  although  abimdantly 
marsh-gas  also  disappears  in  some  way. 

Summary  of  available  material. — The  material  of 
tion  available  for  the  atmosphere,  therefore,  embrace 
vapor,  carbon  dioxide,  and  nitrogen.  Oxygen  is  nov 
some  abimdance  by  volcanoes,  but  it  is  not  known  v 
comes  from  the  interior,  or  has  merely  been  carried 
surface.  The  reduction  of  ferric  oxide  imder  certain 
reverse  of  the  process  by  which  water  is  assimied  to  ha 
might  possibly  give  free  oxygen. 

The  material  of  external  derivation  might  proba 
the  atmospheric  constituents,  but  in  proportions  imkn 

The  actual  proportions  of  the  atmospheric  gases  de 
earth's  gravity. — In  determining  the  actual  proporti( 
stitucnts  of  the  early  atmosphere,  the  abundance  of 
probably  less  decisive  than  the  power  of  the  earth  to  ho 
gases.  As  the  gravity  gradually  increased  by  the  eart 
an  incompetent  minimum,  its  power  to  control  the 
culcs  with  the  lowest  velocities  was  acquired  before  ifc 
the  lighter  ones  of  higher  velocities.  According  to  the 
molecular  velocities  vary  inversely  as  the  square  roo 
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highest  velocities  by  the  molecules  of  the  atmosphere  i 
where  the  opportunities  for  escape  were  greatest.    The 
planetesimals  may  have  been  several  miles  per  second 
In  a  certain  proportion  of  cases,  the  planetesimals  ^ 
molecules  in  such  a  way  that  the  rebound  of  the  lattei 
a  large  proportion  of  the  planetesimal  velocity  with  th 
velocity,  and  would  therefore  increase  their  liability 
the  control  of  the  young  earth.    Now  in  the  impact 
of  watery  vapor  with  the  planetesimals,  particularly 
had  acquired  a  white-hot  temperature,  the  heat  was  si 
ciate  the  oxygen  and  hydrogen  in  considerable  pnjjjiJJ 
dissociated  elements  would  take  on  the  velocities ^!^^ 
respective  weights,  and  would  act  individually  imtil 
mean  velocity  of  hydrogen  is  more  than  four  times 
and  it  may  be  assumed  that  it  would  be  at  least  fou 
to  escape  from  the  control  of  the  earth.    Such  excessi 
leave  a  surplus  of  oxygen,  even  after  the  hydrogen  thi 
had  reunited  with  oxygen,  as  it  would  in  time.     As 
impact  was,  by  hypothesis,  a  very  pronounced  phenom 
growing  stages  of  the  earth,  it  is  assumed  that  a  no 
free  oxygen  might  be  accumulated  by  this  dissociati 
process,  and  that  this,  with  that  from  other  source 
for  the  support  of  the  earliest  plant  life,  which,  thoug 
on  carbon  dioxide,  required  oxygen. 

(2)  As  soon  as  plants  were  introduced,  they  may  be 
decomposed  carbon  dioxide,  retaining  the  carbon  an 
oxygen  as  at  present.  A\Tiile  a  portion  of  this  oxyg 
united  with  the  vegetable  matter  on  its  decompositi( 
composing  process  was  probably  never  complete,  and 
oxygen  resulted.  The  oxygen  of  all  the  later  periods  is 
derived  from  the  decomposition  of  carbon  dioxide 
For  the  primitive  atinosphoro  there  is  theoretical 
enough  oxygen  to  support  the  primitive  plant  Uf( 
supply  itself,  after  which  it  would  produce  a  surplus. 

In  the  preceding  discussion,  the  feeding  of  the  at) 
extrusion  of  the  internal  gases  has  be(ni  assumed, 
now  to  consider  how  extrusive  action  might  be  ini 
maintained. 
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(1)  Heat  from  infall. — The  total  amount  of  he£ 
the  infall  of  the  planetesimals  would  undoubtedly  be 
cient  to  melt  the  whole  mass,  if  the  heat  were  all  g 
same  instant;  but  if  it  were  generated  in  successive 
over  a  long  period,  and  generated  at  the  surface  wh( 
ated  away,  no  large  amoimt  might  be  retained,  and  hij 
such  as  required  for  vulcanism,  might  not  be  assignabl 
In  the  present  state  of  knowledge,  the  hypothesis  ] 
sonably  be  given  such  a  form  as  to  make  this  source 
able,  by  assuming  that  in  th6  early  stages  of  accretion,  \ 
planetesimals  were  still  relatively  numerous,  the  co 
them  and  the  nucleus  were  so  frequent  as  to  make  th 
is  possible  that  mathematical  inquiries,  contemplate 
carried  out,  will  show  that  this  was  probable,  and  thai 
tion  so  slow  as  to  give  a  cool  exterior  would  only  com 
planetesimals  of  the  feeding  zone  had  been  thinned 
that  can  be  shown,  the  hypothesis  must  face  the  a 
bility  that  the  collisions  did  not  succeed  one  anoth 
to  greatly  heat  the  growing  earth-body  by  impact. 

(2)  Heat   from    qtiasi-gaseous   condensation    of   tl 
unknown  amount  of  heat  may  have  been  inherited  f 
knot  that  constituted  the  original  earth-nucleus.     T 
posed  to  have  consisted  of  an  assemblage  of  small 
from  the  heavv  molecules  of  the  nebular  material: 
chiefly  the  metallic  and  the  rock  substances.    This 
because  these  substances  would  condense  to  the  liquid 
at  high  temperatures,  and  further  because,  having  low 
ties  and  relatively  high  gravity,  they  could  assemble  \ 
ciated  by  mutual  attraction,  while  molecules  of  low 
velocities  could  not.    These  assemblages  were  probj 
revolutionary,   but   perhaps  rather    irregularly    so, 
way  between  a  well-organized   planetesimal  system 
neous  gaseous  or  collision-rebound  system,  and  coi 
the  qualities  of  each.    The  ingathering  of  planetesi 
out  probably  tended  to  increase  the  irregularity,  a 
assemblage  to  become  more  and  more  gas-like  in 
The  matter  being  rock-substance   or   metallic,   and 

'lastic,  and  the  coUisional  velocities  generally  low, 
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The  hypothetical  mode  of  viilcanism.  —  With  tb 
captions  now  developed,  the  method  of  volcanic  actioi 
the  accretion  hypothesis,  may  be  readily  apprehende( 
part  which  it  began  to  play  in  earth-history  may  b< 
chief  portion  of  internal  heat  being  assigned  to  compr 
perature  must  have  been  highest  at  the  center  and  mu 
toward  the  surface.  By  referring  to  pages  563-569, 
tribution  of  pressures,  densities,  and  temperatures  for 
will  be  foimd.  These  elements  must  have  had  the  sa] 
tribution,  in  a  general  way,  for  any  of  the  inmiatu] 
earth,  but  there  should  have  been  some  differences  i 
value  because  sources  (1)  and  (2)  named  above  woul 
negligible  elements  as  the  earth  grew  to  its  maturity. 

Melting  due  to  outward  flow  of  heat. — Pressure  it 
incompetent  to  melt  rock-substances  that  shrink  in 
the  high  temperatures  generated  by  pressure  in  the  de 
constantly  moving  outward  into  horizons  of  lower 
the  melting-points  were  lower.  As  the  computed  ten: 
center  of  the  adult  earth  is  about  20,000°  C.,^  there  w< 
no  lack  of  heat,  in  the  later  stages  at  least.  The  essei 
lem  lies  in  its  redistribution  and  in  its  selective  act 
distribution  and  its  outward  flow  have  been  set  fori 
referred  to  in  Vol.  I. 

Selective  fusion. — The  material  of  the  interior  wa 
hypothesis,  an  intimate  mixture  of  planetesimals  of 
with  such  gaseous  material  as  they  carried  in,  or  en 
process  of  growth.  This  material,  therefore,  presumal 
the  most  fusible  to  the  most  infusible  of  rock-material 
the  form  of  aggregated  planetesimals.  As  some  of  i 
of  the  kind  that  shrinks  much  in  solidifying,  and  some 
shrinks  little  in  solidifying,  and  some,  possibly,  of  the 
not  shrink  at  all  in  solidifying,  it  is  probable  that  some  c 
near  or  even  to  the  melting-point  by  pressure,  wh 
intimately  intermixed  with  these,  were  far  from  theii 
At  any  rate,  the  outward  flow  of  heat,  in  such  a  mixl 
some  parts  to  fusibility  much  before  the  melting-poini 

*  A  more  elaborate  discussion  of  internal  temperatures  due 
Mr.  Lunn,  will  soon  be  published  under  the  auspices  of  the  Came 
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reached.     Local  spots  of  fusion  must  thus  arise.    To  this  fusion, 
Dtrapped  and  occluded  gases  may  be  presumed  to  have  contrib- 
and  to  have  joined  themselves  to  the  fused  masses,  and  to  have 
in  ^ving  them  fluidity. 

le  dynamics  of  ascension. — As  the  rise  of  temperature  continued, 
and  more  of  the  mixed  material  reached  the  fusing-point,  while 
material  so  neariy  approached  it  as  to  become  plastic  and  per- 
cadjustive  movements.  In  this  way,  fused  parts  were  permitted 
in  one  another  and  to  move  in  the  direction  of  least  resistance. 
static  pressure  from  the  earth-body  itself  was  always  greatest 
•  and  least  above,  but  was  nearly  constant  for  any  given  short 
d.  The  stresses  arising  from  the  differential  tide-producing 
etions  of  the  sun  and  moon  were  also  greatest  below  and  least 
•e,  but  were  periodic,  stress  and  relief  following  one  another  in 
-daily  succession,  giving  a  kind  of  kneading  process  (Vol.  I,  pp.  578, 
and  629-632).  These  interior  stress-differences  are  thought  to  have 
sed  the  fused  vesicles  outward,  causing  them  to  unite  and  form 
ids  or  stringlets,  which  insinuated  themselves  through  the  more 
ictorj'  jx)rtions  that  remained  solid,  and  at  length  develoi)ed  into 
:iies  of  some  volume.  As  these  liquid  threads  or  tongues  rose 
ligher  horizons  of  lower  pressures,  and  hence  of  lower  melting- 
ts,  they  carried  with  them  a  certain  surplus  of  heat  above  that 
lired  to  maintain  their  liquidity  in  the  new  horizon,  and  this  sur- 

was  available  for  melting  or  fluxing  their  way.  They  were  at 
same  time,  however,  subject  to  loss  of  heat  by  contact  with  sur- 
iding  rock  of  lower  temperature.  They  were  thus,  probably,  at 
same  time  taking  up  fusible  material  met  in  their  path,  and  deposit- 
old  material  as  it  became  less  adapted  to  remain  fluid  under  the 

conditions,  either  because  it  had  reached  the  point  of  its  satura- 

in  the  mixed  rock-solution  that  had  been  developed,  or  had  cooled 
t5  point  of  congelation.  The  liquid  thread  was  thus  presumably 
ng  on  and  giving  up  material  continually  as  it  worked  its  way 
irard.  the  process  always  being  selective,  and  involving  the  reten- 
.  of  the  more  soluble  or  more  fusible  portions,  and  the  rejection 
:he  less  soluble  or  more  refractory  portions.  Since  the  included 
s  mav  be  .safelv  reckoned  with  the  former  class,  there  was  a  selec- 

aceiunulation  of  these,  and  the  ascending  liquid  became  densely 
rged  with  them.    To  this  ascensive  process,  those  substances  whose       J 
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weight  overbalanced  the  differential  pressure,  such  as  n 
possibly  the  heaviest  silicates,  may  be  regarded  as  fori 

Arrested  ascensions  and  attendant  heating.  —  Tl 
reqiure  that  these  threads  should  all  succeed  in  reach 
indeed,  it  does  not  require  that  any  should,  in  the  initi 
compression  had  developed  a  great  excess  of  heat  in  tl 
The  molten  threads  should  simply  rise  until  their  exce 
working  capital,  was  exhausted,  when  they  would  reti 
state  and  constitute  tongue-like  intrusions.  In  doing  1 
contribute  heat' to  the  tracts  which  they  invaded.  Thi 
conduction,  was  a  mode  of  conveying  the  intenser  he 
pressed  central  regions  to  the  higher  horizons,  where  t 
perature  and  the  fusion-points  were  both  lower.  Th 
earlier  threads  to  reach  the  surface  would  thus  be  a 
tory  to  the  greater  success  of  later  ones.  The  cond 
tration  would  probably  be  favorable  up  to  the  horizon 
perature  ceased  to  be  higher  than  the  surface  meltin 
this  the  retention  of  the  solid  state  was  wholly  due 
temperatures  being  above  the  surface  melting-poi 
threads  reached  the  higher  zone,  in  which  the  tempera 
ciably  below  the  surface  fusing-point,  the  conditioi 
adverse,  and  further  ascent  was  dependent  on  a  sufi 
heat,  brought  from  below,  to  maintain  the  liquid  s 
adverse  tract  was  being  traversed.  It  was  probably 
on  a  fluxing  power  adequate  to  enable  it  to  fuse  its  \^ 
solid  zone  of  continuous  rock  that  lies  below  the  fractu 
it  reached  the  latter,  hydrostatic  pressure  and  the  inh 
force  of  its  gaseous  content  would  probably  control  its 
in  the  main. 

Now,  having  in  mind  that,  at  the  early  stage  unde 
the  earth  was  growing,  that  its  internal  self-compressioi 
apace  with  its  growth,  that  the  heat  was  rising  with  t 
that  the  temperature  was  highest  at  the  center  and 
the  surface,  that  the  heat  was  therefore  always  flowing 
face,  and  that  it  was  also  carried  outward  by  the  liqi 
succeeding  steps  may  be  followed  easily. 

Invasion  of  the  fragmental  zone  and  surface  ezplosi 
part  of  the  young  earth  was  made  up  of  the  recently 
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oaia  and  their  fragments,  and  no  doubt  had  a  much  broken,  open  tex- 
ure.  If  there  was,  as  yet,  no  atmosphere  or  hydrosphere,  as  in  the 
asp  of  the  moon,  there  was  no  effective  means  for  the  washing  of  fine 
ragments  into  the  interstices  of  the  coarse,  or,  what  is  more  impor- 
ant.  for  the  solution  of  the  material  at  the  surface  and  the  cementa- 
ioD  of  that  below  into  a  solid  mass,  as  is  the  present  hahit  on  the  earthj 
D  other  words,  there  was  no  effective  healing  process  to  unit«  the  broken 
raiments.  The  porous  clastic  zone 
oust,  therefore,  have  extende<l 
lownwani  to  a  depth  at  which 
j»\-ity  was  able  to  force  the  frag- 
oents  into  continuity  by  its  crush- 
ig  effects.  In  a  small  body  this 
one  would  be  deep. 

When  the  rising  lava-tonguos 
cached  this  outer  fragmental  zone, 
luxing  wa**  no  longer  required,  as 
bev  could  force  their  way  by  insinu- 
ition  and  by  mechanical  displace- 
iK-nt.  It  appears  almost  certain 
hat.  in  the  upper  part  of  such  ; 


ragmental  zone,the  interstices  would  ^la.  32.— Ideal 


portion  of 


nakf  up  a  sufficient  part  of  the  vol- 
ime  of  the  aggregate  mass  to  reduce 
ts  average  specific  gravity  to  a  fig- 
ire  below  that  of  the  penetrating 
ava.  even  though  the  latter  might 
lie  made  up  of  lighter  material  in- 
krenllv,  an<i  was  also  hot  and  liquid. 
Hie  earliest  tongues  of  molten 
material  are  supposed,  therefore,  to 
bave  generally  lodged  within  the 
fragmental  zone,  taking  various  plutonic  fonns,  as  dikes,  sills,  lacco- 
5th5.  and  batholiths,  and  to  have  there  given  off  their  gases,  which, 
more  or  less  concentrated  and  condensed,  doubtless  not  infrequently 
rorced  an  exit  to  the  surface  by  blowing  away  the  overljing  fragmental 
material  (Fig.  32).  The  slight  coherence  of  this  material,  the  low 
ira^tv  of  the  young  earth,  and  the  absence  or  acantinesa  of  a  resisting 


the  early  eartli,  illuatratiiig  i 
signed  modes  of  vuleaitifun.  C,  cen- 
ter; S,  surface;  n-o',  fragmental 
lone;  a'-/,  lone  of  continuous  rock 
Iwlow  surface  ntclling  t<'mperature; 
ll-r,  interior  portion  whose  tempera- 
tures rise  from  tlie  surface  meltinft- 
point  at /-/to  a  maximum  at  C;  V.  V. 
threads  or  tongues  of  molten  rock 
rising  from  the  interior  to  various, 
levels,  many  of  these  lodging  witliin 
the  fragmental  zone  as  tongues, 
batholiths,  etc.;  PPP.  explosion  pits 
formed  by  volcanic  gases  derived  from 
tongues  of  lava  below. 
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atmosphere  should  combine  to  give  to  the  pit-forming  < 
dinary  magnitude,  such,  perhaps,  as  the  moon  exhibits  f 
598). 

Volcanic  action  not  necessarily  antecedent  to  the  atn 
not  necessary  to  the  hypothesis  to  suppose  that  volca 
an  essential  preUminary  to  the  acquisition  of  an  atmos; 
it  came  into  fimction  before  the  earth  acquired  an  a 
the  initial  atmosphere  may  have  been  supplied  from  e: 
The  apparent  vigor  and  the  wide  prevalence  of  volcanic 
moon,  if  its  pitted  surface  means  vulcanism,  as  well  as  the 
foimd  in  meteorites,  whose  origin  is  referred  preferably  1 
phereless  bodies,  favors  the  view  that  the  internal  g£ 
forth  abimdantly  before  the  earth  grew  to  a  mass  su 
them.  If  this  were  true,  an  ample  source  of  atmosphe 
ready  and  waiting  when  the  earth  first  acquired  suffic 
clothe  itself  with  a  gaseous  envelope. 

V.  The  Initial  Hydrospheric  Stage. 

The  origin  of  the  ocean. — When  the  increasing  wat 
growing  atmosphere  reached  the  point  of  saturation,  it 
form  and  became  a  contribution  to  the  hydrosphere, 
densation  had  occurred  within  the  fragmental  zone  ' 
external  atmosphere  reached  saturation.  The  hydr 
fore,  probably  had  its  birth  imderground,  and  so  long  aj 
zone  retained  its  highly  porous  condition,  it  was  what  it 
a  veritable  sphere  or  spheroidal  layer.  As  the  wal 
rose  to  the  surface,  and  doubtless  first  appeared  in  t 
pits  resulting  from  the  previous  volcanic  action,  and  in 
resulting  from  other  deforming  agencies.  Its  surface 
therefore,  pictured  as  a  growth  from  innumerable  lal 
with  unknown  promiscuousness  over  the  face  of  the  yo 
more  and  more  enlarged  and  confluent  bodies,  until 
developed  into  the  vast,  irregular  oceans  of  to-day.  1 
of  fundamental  geologic  importance,  for  it  involves  tl 
ocean  basins  and  of  the  continental  platforms,  and 
at  once  the  grand  topographic  features  of  the  globe,  tl 
of  deformation,  and  the  controlling  physical  factors  i 
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a  selective  action  of  this  kind  began.  The  surface  i 
areas  that  remained  exposed  lost  more  of  its  basic  th 
constituents,  while  the  submerged  material  lost  less,  and 
something  by  the  redeposition  of  the  matter  borne  in 
As  the  planetesimals  were  being  gathered  in  on  land  a 
those  that  fell  on  the  land  suffered  some  atmospheri 
those  that  fell  into  the  water  were  mainly  protected  fr 
differential  action  affected  each  successive  layer  of  gi 
accumulation  of  surface  waters  began,  the  specific  gra 
areas  came  to  he  less  than  that  of  the  submerged  areas. 

Permanent  versus   temporary  effects.  —  It   is  not 
specific  gravity  that  resulted  from  the  change  of  physica 
in  disintegration  that  is  to  be  considered  here,  but  ra 
be  termed  the  inherent  or  permanent  specific  gravity, 
gravity  that  would  be  retained  after  any  metamorpl 
material  might  probably  suffer  in  the  future  had  ta 
likewise  it  is  not  the  temporary  chemical  combination 
diately  from  the  weathering,  but  the  potential  futur 
that  are  significant.    For  example,  any  rock  likely  to 
residual  sands,  earths,  and  clays  by  any  probable  mc 
even  by  remelting,  would  have  a  lower  specific  gravity  t 
average  rock,  or  than  any  rock  likely  to  be  developed  f: 
and  alkaline  earths  removed  by  the  leaching  process 
with  the  original  rock.    The  leaching  of  the  land  mate 
fore,  a  permanent  effect  on  its  specific  gravity,  an  effecl 
by  any  probable  change  resulting  from  its  burial  under 
tions.    The  earth  segments  built  up  by  accretion  on 
hence  lighter  than  the  segments  built  up  under  the 
difference  increased  as  the  segments  grew  in  thickness 

The  progressive  depression  of  water-covered  areas. — 
the  greater  weight  of  the  water-covered  segments  that  i 
beneath  them,  as  they  became  more  and  more  weightec 
miiterial,  was  greater  than  the  compression  beneath  the 
and  hence  the  water-covered  areas  were  depressed 
than  the  land-areas.  The  waters  drawn  in  upon  the 
ments  augmented  the  depressing  effects  due  to  differ 
gravity. 

It  is  not  necessary  to  suppose  that  there  was,  a 
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into  the  water-basins,  and  other  influences  modified 
the  deepening  and  spreading  of  the  water-basins  is  I 
been  a  markedly  dominant  process  during  the  earth's 
growth  ceased  and  modem  processes  became  dominan 
balanced  relation  of  sea  and  land  is  thought  to  have 
close  approximation  to  constancy. 

Configuration  of  basins  accidental  or  systematic?— 
the  original  depression  of  the  areas  occupied  by  the  ^ 
to  have  been  slight,  and,  we  prefer  to  think,  accident 
There  may  have  been  systematic  causes  that  determi 
depression  of  certain  broad  tracts  and  the  relative  ele^ 
such  as  some  systematic  difference  in  the  infall,  or 
change,  or  some  inherent  tendency  to  shrinking  in  c< 
ways,  as  for  example  that  held  by  advocates  of  a  tet: 
but  it  is  not  clear  that  the  actual  distribution  of  deprej 
tions  points  to  such  systematic  agencies.  The  elevate< 
tracts  of  the  moon  seem  to  have  a  distribution  quite 
the  earth,  and  those  of  Mars,  if  the  lighter  and  darke 
rectly  interpreted  as  elevated  and  depressed  tracts,  ar 
from  those  of  either  earth  or  moon.  Each  seems  to 
itself,  if  such  irregular  distributions  can  be  styled  a  1 
hypothesis  requires  nothing  more  than  the  ine\dtable  5 
of  growth,  of  volcanic  activity,  of  compression,  and  tl: 
Starting  with  only  such  slight  differences  as  were  si 
preponderance  in  large  tracts  in  favor  of  the  water  or 
selective  and  self-propagating  nature  of  the  process 
the  rest. 

Smallness  of  the  differentiating  action. — If  it  be  as 
earth's  growing  hydrosphere  appeared  at  the  surface  - 
had  attained  the  mass  of  Mars,  whose  radius  is  about 
subsequent  growth  would  form  a  shell  about  1900 
is  not  altogether  certain  that  Mars  bears  water-bodies 
but  the  areas  of  greenish  shade,  environed  by  a  surface 
the  polar  white-caps  C^  snow-caps '')  that  come  and  go  ^ 
and  the  apparent  occasional  presence  of  clouds,  not  t 
evidence  of  aqueous  absorption-lines  in  the  spectrum  r( 
good  observers,  but  unconfirmed  by  others,  lend  some 

*  Emerson,  Presidential  Address.     Geol.  Soc.  Am.,  Vol.  II,  pp 
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tive  that  the  initial  forms  of  life  had  been  introduced 
«lse  that  an  evolution  quite  out  of  harmony  with  that  ^ 
took  place  in  the  imknown  interval  antecedent  to  the  i 
the  life  was  introduced  is  also  quite  unknown.    The 
it  might  have  been  brought  to  the  earth  from  some 
tody  by  a  fragment,  in  the  form  of  a  meteorite,  is 
from  supposed  geological,  biological,  and  philosophi< 
a  merely  temporary  refuge  in  the  face  of  prodigious 
for  it  only  throws  back  the  problem  of  life-genesis  wi 
There  is    nothing  in  known  meteorites,  save  perhaj 
of  hydrocarbons  equally  assignable  to  inorganic  sou] 
that  they  came  from  worlds  with  atmospheres  and  hyc 
to  maintain  such  life  as  the  problem  presents.     On  th( 
are  the  best  of  grounds  for  believing  that  meteorites  c. 
in  which  the  essential  conditions  of  life  were  wanting 
absence  of  free  oxygen  and  water,  there  is  an  absence 
xtssignable  to  weathering  and  to  those  rock-changes  t 
the  presence  of  an  atmosphere  and  hydrosphere.    T 
large  portion  of  all  known  rocks  in  the  outer  part  of 
as  are  characterized  by  quartz,  orthoclase,  the  acid 
micas,  the  amphiboles,  etc.  ( Vol.  I,  p.  467),  as  well  as 
rocks.    The  absence  of  these  in  the  meteorites  is  pecu 
because  of  their  abundance  in  the  earth.    The  hypothe 
importation  of  life  encounters  a  special  difficulty  imc 
hypothesis,  in  that  the  planets  were  all  forming  at  the  sa 
the  other  hypotheses,  the  outer  planets  may  have  fori 
the  inner  ones,  and  an  earlier  evolution  of  life  may  h 
in  one  of  the  older  planets,  whence  a  transference  to  th 
conceivable.     Under  the  accretion  hypothesis  even  this 
refuge,  and  transfer  from  some  other  stellar  system  is 
recourse. 

Available  time. — The  accretion  hypothesis  affords  i 
lapse  of  time  between  the  stage  when  conditions  cong 
first  possible,  and  the  stage  when  the  first  fairly  le{ 
made  in  the  Cambrian  period.  To  this  unmeasured  ; 
pro-record  evolution  of  life,  whatever  be  its  method,  i 
with  every  presumption  that  the  time  was  ample,  and 
sion  for  an  evasion  of  the  profound  problem  of  life-gei 
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up  by  the  inner  planets,  may  have  screened  off  some  ap 
the  smi's  heat  and  light;  but  the  ratio  of  nebular  mat 
probably  too  small  to  render  this  loss  critical.  So  loi 
itself  remained  luminous,  the  nebular  light  compensat 
less  degree  for  the  solar  light  cut  off,  but  perhaps  n 
The  nebulous  surroundings  of  the  growing  earth  must 
reduced  the  loss  of  heat  by  radiation  into  space,  an 
some  compensation. 

Autogenic  heat  and  light.  —  There  was,  howev< 
source  of  heat  and  light  of  critical  importance,  nan 
from  the  infall  of  the  planetesimals.  If  this  infall  we 
ficient  to  heat  the  surface  of  the  earth  above  100°  C,  li 
types  would  have  been  prohibited.  The  present  staj 
does  not  permit  any  very  confident  opinion  as  to  wh 
was  reached  or  not.  Leaving  this  question  open,  it  is 
if,  at  the  stage  when  first  an  atmosphere  and  hydrosph 
the  infall  of  planetesimals  was  so  rapid  as  to  heat  the 
hibitive  temperature,  the  rate  of  infall  must  almos 
declined  as  the  number  of  planetesimals  in  the  eart 
was  diminished;  so  that,  long  before  the  supply  wa 
growth  ceased,  the  rate  must  inevitably  have  fallen  be 
ive  limit.  If,  therefore,  the  earth  were  too  hot  fc 
fifth  grown,  its  temperature  might  have  become  sui 
one  fourth,  one  third,  one  half,  or  three  fourths  grow 
this  permissive  stage  was  reached  would  be  slow, 
required  for  its  completion  would  still  be  long. 

Transition  to  complete  solar  dependence. — In 
the  danger  seems  to  be  all  on  the  side  of  too  great  h( 
sun's  heat  were  much  less  than  now,  the  heat  of  p 
would  probably  make  up  the  deficiency  and  more, 
continue  to  be  a  source  of  home  supply  so  long  as  t! 
tinued,  declining  as  the  supply  of  planetesimals  ( 
diminution  of  the  supply  cleared  the  space  between  ' 
sun,  and  gradually  brought  the  latter  into  full  functi( 
therefore,  be  a  gradual  passage  from  the  partial  d( 
home  supply  of  heat  and  light,  to  complete  depend 
supply.  There  is  little  groimd  for  apprehension  t 
planetesimals  would  be  seriously  dangerous  to  the  e; 
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for,  in  the  first  place,  the  atmosphere  must  have  been  then,  as  now, 
an  effective  cushion  checking  the  speed  of  the  planetesimals  and 
partially  dissipating  them,  and,  in  the  second  place,  the  early  organisms 
were  probably  all  aquatic  and  were  further  protected  by  their  water- 
covering. 

Changes  in  the  atmosphere  inaugurated  by  the  introduction  of  life. — 
The  introduction  of  organic  activity  brought  into  play  those  chemical 
processes  that  have  been  sketched  in  general  terms  in  Chapter  XI 
of  Voliune  I.  The  changes  in  the  composition  of  the  atmosphere  are 
especially  important.  It  has  been  shown  (p.  97)  that  the  primitive 
atmosphere  probably  contained  a  preponderance  of  carbon  dioxide, 
and,  a  little  later,  carried  all  the  water-vapor  that  it  could  hold  under 
the  prevailing  temperatures,  while  the  amount  of  nitrogen  was  not 
improbably  low,  and  that  of  oxj-gen  uncertain.  If  only  there  were 
oxj-gen  enough  to  serve  the  functions  of  plant  life  at  the  outset,  the 
existing  large  content  of  ox\'gen  could  probably  all  have  arisen  from 
subsequent  plant  action.  It  is  merely  necessary,  therefore,  to  assume 
(1  j  that  the  carbon  dioxide  was  not  too  abundant  to  prohibit  the  devel- 
opment of  the  early  plants,  (2)  that  the  oxygen  was  sufficient  for  their 
vital  processes,  and  (3)  that  the  nitrogen  was  much  less  abundant  than 
now,  to  give  a  good  working  basis  for  the  evolution  of  the  present  very 
different  atmosphere.  Assuming  that  green  (photosjuthetic)  plants  were 
first  introduced,  and  that,  until  some  time  later,  there  were  no  animals 
or  predaceous  plants  that  decomposed  the  carbon  compounds  pro- 
duced by  the  green  plants,  the  effect  of  plant  life  on  the  atmosphere 
would  be  to  reduce  its  carbon  dioxide  and  increase  its  free  oxygen. 
If  there  were  no  check  or  offset  to  this  process,  a  relatively  short  time 
would  suffice  for  the  conversion  of  an  atmosphere  of  dominant  carbon 
dioxide  to  one  of  dominant  oxygen.  If  the  present  vegetation  can 
remove  the  present  content  of  carbon  dioxide  in  one  hundred  years 
(?ee  pp.  639-^44,  645,  Vol.  I),  an  amount  of  carbon  dioxide  as  great  as 
the  whole  atmosphere  of  to-day  might  be  changed  to  oxygen  in  about 
300.000  }-ears  by  an  equally  active  vegetation.  The  early  plant  action 
may  have  been  much  less  efficient  than  that  of  to-day,  and  the  requisite 
period  might  be  correspondingly  lengthened,  but  it  might  still  \y 
geiAopcaJly  short.  Besides,  the  early  atmosphere,  by  hypothesis,  v 
much  less  abundant  than  the  present  one,  and  probably  much  £ 
active  in  the  carbonation  of  rocks. 
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It  is  assumed  that  life  requiring  a  high  content  of  c 
appear  until  after  the  composition  of  the  atmosphere  had 
changed  in  this  way.  After  oxygen-consimiing,  carbon- 
organisms  came  into  existence,  the  reciprocal  action  of  i 
of  life  tended  to  maintain  an  equilibrium,  though  no 
betw^een  the  oxj'gen  and  the  carbon  dioxide  in  the  air. 
time,  the  carbon  dioxide  was  continually  uniting  with 
stance  of  the  outer  part  of  the  earth,  as  it  does  now,  and 
removed  from  the  atmosphere.  The  same  is  true  of  tl 
probably  then,  as  now,  oxidation  was  less  active  and 
carbonation.  And  so  the  combined  result  of  plant  life  a] 
action  was  to  bring  down  the  content  of  carbon  dioxide  t( 
place.  The  nitrogen,  being  relatively  inert,  gradually 
and  has  now  become  much  the  most  abundant  constii 

The  great  factors  now  all  at  work. 

So  soon  as  plants  and  animals  had  come  into  action 
factors  potential  in  the  earth's  physical  evolution  were 
the  psychologic  element  remained  to  become  a  potent 
in  the  history.  But  though  all  were  in  function,  their 
were  by  no  means  equal,  and  the  future  stages  were  i 
successive  dominance  of  one  or  another  leading  agent 
these  was  the  dominance  of  vulcanism. 

VII.  The  Climax  of  Volcanic  Action. 

By  hypothesis,  volcanic  action  only  began  some 
beginning  of  the  earth's  growth,  for  it  was  delayed  (; 
of  sufficient  compression  in  the  central  parts  to  give  the 
and  (2)  by  the  time  required  for  this  central  heat  to  mo'' 
of  less  pressure,  where  it  would  suffice  to  liquefy  the  m( 
stituents.  But  once  begun,  it  gradually  increased  in 
relative  importance  until  it  reached  its  climax.  This  c 
much  later  than  the  climax  of  growth,  for  it  was  dep 
gro^vth  to  give  the  increased  compression  from  which  ar 
heat  on  which  the  vulcanism  depended.  And  so,  owing 
of  delay  just  cited,  the  maximum  of  volcanic  action  mu 
much  behind  the  accession  of  the  material  which  rem 
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it.  It  is,  therefore,  inferred  that  vulcanism  continued  to  increase  in 
acti\nty  long  after  growth  had  entered  on  its  decline,  and  that  there 
was  an  important  period  in  which  the  dominant  activity  was  volcanic. 

The  ratio  of  the  yolcanic  products  to  the  accessions  and  to  the  deriv- 
atires. — It  is  conceived  that  in  the  late  stages  of  the  earth's  growth 
the  amount  of  material  poured  out  on  the  smface  in  molten  form,  or 
introduced  into  the  outer  parts  of  the  earth  from  below,  was  very  much 
greater  than  the  accessions  from  without.  Still  later  these  declining 
accessions  were  so  overwhelmed  by  the  igneous  extrusions  that  they 
became  indistinguishable  contributions.  In  this  stage,  too,  it  is  held 
that  the  modifications  wTOught  by  the  atmosphere,  the  hydrosphere, 
an<l  organic  life  were  also  quite  subordinate  to  the  volcanic  contribu- 
tions. Disintegration  is  assumed  to  have  gone  little  farther,  usually, 
than  to  partially  reduce  rocks  of  the  granitoid  type  to  arkoses,  and 
those  of  the  basic  type  to  wackes.  Rather  rarely,  it  is  believed,  was 
much  pure  quart zose  sand,  aluminous  clay,  or  similar  well-decom- 
posed residuar}-  material  accumulated ;  rarely,  also,  much  carbonaceous 
shale.  Arkoses  and  wackes,  when  metamorphosed  later,  took  on  such 
a  similitude  to  igneous  rocks  as  to  be  more  or  less  unidentifiable. 

The  Archean  complex. — The  formations  of  this  period  of  volcanic 
dominance,  with  very  subordinate  clastic  accompaniment,  are  regarded 
as  constituting  the  Archean  complex,  though  perhaps  only  the  later  por- 
tions of  the  great  volcanic  series  are  represented  hy  the  knoum  Archean. 
Here,  for  the  first  time,  ^^'e  reach  formations  exix)scd  to  view,  and 
obt^rv-ational  geolog>'  begins  to  replace  the  hypothetical.  As  inter- 
pretetl  in  the  light  of  the  recent  studies  in  both  the  Old  World  and  the 
Xpw.  the  lowest  accessible  formations  that  can  be  given  a  place  in 
the  systematic  series  were  originally  surface  lava-flo^^'s,  attended  by 
volcanic  elastics  in  abundance,  and  by  sedimentary  elastics  and  chemical 
and  organic  deposits  in  quite  subordinate  quantity.  Into  these  were 
intnuled  contemporaneously,  and  also  at  later  stages  of  the  same 
prrat  era.  enormous  embossments  of  granite  and  other  rocks.  This 
intricate  combination  of  surface  flows,  elastics,  and  intrusions,  distorted, 
jsheare<l,  and  metamorphosed,  makes  up  the  vast  Archean  complex. 

Dlnstrophism    accompanying   the    volcanic    climax.  —  For   obvious 
FF-asons  the  great  climacteric  era  of  vulcanism  was  attended  by  defor- 
mations of  exceptional  intensity.    The  transfer  of  so  much  materia 
from  below  to  the  surface  required  a  readjustment,  while  thp  intrusioji 
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of  the  enormous  granitic  batholiths  of  the  Archean  wer 
a  source  of  deformation.  Great  changes  in  the  distri 
perature  were  involved  in  the  outward  flow  of  the  mol 
carried  heat  outward  from  the  deeper  zones,  and  exp 
in  the  zones  through  which  the  rising  lava  passed.  Tl 
fore,  loss  of  both  material  and  heat  in  the  lower  zon 
material  and  heat  near  the  surface,  with  the  obvioi 
principles  set  forth  in  Vol.  I,  pp.  564-568,  relative  to  the 
of  heat  by  conduction  and  its  double  effects  were  al 
harmony  with  this  intensive  combination  of  agencie 
rocks,  as  we  shall  see  in  the  next  chapter,  are  extrao 
and  crumpled,  and  at  the  same  time  phenomenally  travel 
sheets,  tongues,  and  embossments  of  plutonic  rock 
probably  had  its  climax  with  the  climax  of  vulcanism, 
by  hypothesis,  about  the  time  of  the  opening  chapter 
history  of  the  earth. 

It  is  at  this  stage,  and  with  the  great  agencies 
one  another,  that  we  reach  the  lowest  observable  foi 
earth's  body,  in  following  the  accretion  hypothesis, 
student  to  judge  for  himself  whether  the  postulated  s 
felicitously  or  otherwise  into  the  actual  state  of  tl 
oldest  known  rocks  reveal.  The  value  of  a  hypothesi 
stration  of  its  truthfulness  is  not  yet  possible,  lies  in  its  w 

VIII.  The  Gr-eat  Stage  op  ATMbsPHERic  and  H 

Dominance. 

To  complete  the  survey  of  stages,  it  is  necessary  t( 
through  the  remaining  ages  and  note  the  great  fact  ' 
of  the  earth  having  ceased,  and  volcanic  action  having  p 
the  surface  of  the  land  was  no  longer  subject  to  conti 
was  exposed,  age  after  age,  to  the  action  of  the  atm 
attendant  work  of  streams  and  ground-waters.  The  n 
by  these  agents  was  deposited  in  the  basins.  Throuj 
therefore,  the  dominant  phase  of  geologic  activity  be( 
atmospheric  or  gradational,  as  nearly  as  it  can  be  expi 
in  a  single  word.  Vulcanism  and  diastrophism  contii 
important   accessories,   but  not   the   controlling  fact 
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embraces  the  Proterozoic,  Paleozoic,  Mesozoic.  and  Cenozoio  eras,  the 
chief  portion  of  known  geologic  time. 

Synoptical  View  of  the  Earth^s  HUtory. 

If  we  take  a  sweeping  \'iew  of  the  stages  of  the  earth  s  history  from 
first  to  last,  they  fall  into  two  great  groups,  with  a  transition  period 
between  them:  the  stages  of  growth  and  the  stage:^  of  maturity,  with  an 
intervening  transitional  stage.  In  tabular  form,  and  numbered  in 
chronologic  order,  these  stages  appear  as  follows: 


III.  The  Gradatioxal 
Ex>x  (Rdative  ma ' 
turity) 


n. 


ElXTRCSlVE 

Ex>x         (Transi- 
tional) 


The  Formative 
Eon  (Birth  and 
ack>leBcence) 


11.  The   Cenozoic   era 

10.  The   Mesozoic   erst 

9.  The  Paleozoic  era 

8.  The       Proterozoic 

era 

7.  The  Archeozoic  era 

(Under  planetesimal 
hypothesis) 

6.  The  initial  life 
stage 

5.  The  initial  hydro- 
spheric  stage 

4.  The  initial  atmos- 
pheric stage 

3.  Tne  initial  volcanic 
stage 

2.  The  atmosphere- 
less  stage 

1.  The  nudear  or 
nebular  stage. 


C.  The       better 
known  eras. 


B.  The  partially 
known  era. 


(Under  puieous 
hypothesis) 

The    initial    life 
stage 

The  congelation 
stage 

The    molten 
stage 


The  gaseous  or 
nebular  stage 


A.  The  hypothe- 
tical eras. 


SUPPLEMENTARY   CONSIDERATIONS. 

I.  The  Difperentiation  of  the  Rocks  during  the  Stages  of  Growth. 
The  genend  nature  of  the  process  by  which  the  surface  rocks  of  the  conti- 
nental areas  were,  by  hypothesis,  rendered  more  acidic  and  less  heavy,  has  been 
aet  forth.  To  show  more  fully  the  bearing  of  the  hypothesis  on  the  general 
characteristics  of  the  crystalline  rocks,  and  on  some  of  the  outstanding  problems 
presented  hy  them,  there  is  need  to  enter  somewhat  further  into  details,  though 
the  subject  cannot  be  fully  elaborated  here. 

Tke  aTvrafe  origiinal  materiaL — If  meteoritic  material  represents,  in  a  general 
way,  the  avera^  of  the  heavier  and   more  refractory  material  of  the  sideriaf 
system,  as  seems  probable  from  the  fact  that  it  comes  from  all  quarters  of  th 
heavens  and  seems  to  represent  almost  as  many  different  parent  bodies  as  the 
•le  distinct  nneteoritic  falls,  it  may  be  regarded  as  the  type  of  what  was  the  aven 
earth-material  in  its  atmasphereless  state,  if  it  had  such  state.     If  there  be  ad 
to  this  a  certain  unknown  proportion  of  the  lighter  and  less  refractory  mat^ 
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that  could  not  be  retained  in  the  gaseous  state  by  a  small  body 
taken  to  represent  the  material  of  the  full-grown  earth.  Tl: 
probably  not  remove  the  total  average  earth-material  very  fai 
of  the  meteoritic  matter,  and  so,  with  some  qualification,  met< 
be  taken  as  a  rough,  but  somewhat  too  basic  and  metallic,  st£ 
earth-material.*  It  is  easy,  however,  to  gain  a  false  impress! 
nature  of  meteoritic  material,  for  the  stony  meteorites  are  lei 
than  the  iron  ones,  and  hence  a  less  proportion  are  recognij 
the  stony  meteorites  usually  disintegrate  rapidly  and  soon  disi 
if  not  found  promptly,  are  not  found  at  all.  If,  therefore,  the  i 
averaged  include  simply  those  that  are  found,  the  result  will 
in  metallic  material.  The  true  average  should  include  only 
On  this  basis,  Farrington  concludes  that  the  true  average  is 
tially  by  stony  material  of  the  basic  silicate  type,  with  only  a  si 
of  metallic  material,  and  that  the  average  specific  gravity  is  ab< 

Volcanic  di£ferentiation. — It  will  be  recalled  that  from  an  < 
material  is  supposed  to  have  been  poured  out  on  the  surfaa 
buried  by  the  infalling  planetesimals.  At  the  same  time, 
slightly  weathered  on  the  land-areas,  and  such  of  the  materia 
was  carried  into  the  water-areas.  Later,  when  the  surface  ha 
built  up  by  accessions,  this  same  material  was  exposed  to  a  s< 
canic  experience,  with  further  selective  fusion  and  further  surf 
Still  later,  the  process  may  have  been  repeated,  perhaps  ag 
the  first  volcanic  surfaces,  may  possibly  have  been  as  much  as 
below  the  present  surface,  and  the  number  of  possible  repetiti< 
round  is  large.  A  wide  differentiation  from  the  original  state 
sible.  As  the  last  series  of  extrusions  came  after  the  cessat 
accessions  from  without,  practically  nothing  hut  the  varixms  vari 
tiated  product  would  appear  at  the  surface.  That  these  should  dif 
original  average  rock  is  not  strange ;  but  why  they  should  dif 
ways  in  which  the  surface  rocks  differ  from  the  supposed  avc 
to  be  worked  out,  and  the  solution  of  this  problem  will,  in  soi 
of  the  validity  of  the  hypothesis.  It  is  to  be  borne  in  mind 
not  a  mere  selection  based  on  the  melting-points  of  the  min 
surface  rocks,  but  is  rather  the  outcome  of  a  complex  process 
and  precipitation  in  which  the  modifj'ing  conditions  of  tem; 
ratio  of  admixture,  stress-differences,  and  specific  gravities,  pi 

Differentiation '  in  suboceanic  versus  continental  segments.  - 
to  assume  that  the  lavas  which  arose  from  the  more  basic  segn 
the  deep-sea  basins  would  be  more  basic  than  those  that  ar< 
acidic  land  segments,  and  this  seems  to  be  supported  by  the  gr 

*  For  composition  of  meteorites,  with  references  to  the  literati 
Jour,  of  Geol.,  Vol.  IX,  1901,  pp.  393  and  522. 
'Jour,  of  Geo!.,  Vol.  V,  1897,  p.  130. 


when  its  meaning  eball  be  demonstrated.  The  climax  of 
found  in  the  iron-bearing  basalts  of  Greenland,  in  which  little 
are  scattered  promiscuously  through  a  stoi^  base  in  meteorit 


FiQ.  32b, — -A  pronounced  example  of  igneous  rock  composed  of 
ferent  specific  gravities  that  show  no  signa  of  aeparation  by 
The  light  portion  is  native  iron,  which  has  more  than  twice 
the  basalt,  the  dark  portion,  through  which  it  is  promiscuoi 
Kaersut,  Nugsuaks  peninsula,  Greenland.  (After  Phalei 
Coll.,  Vol.  I,  p.  199) 

in  Fig.  Z2b-     In  this  case  the  specific  gravity  of  the  meta 
that  of  the  embracing  stony  matter. 

II.  Deformations  under  the  Planbtbsimal  H 
Relative  to  deformation  two  great  eras  are  to  be  recogn 
and  that  following  the  cessation  of  growth.  During  the  f 
chief  cause  of  change  of  bodily  form  is  assigned  to  the  a^ 
This  enlarged  the  geoid,  and  at  the  same  time  tended  to  con: 
tionul  gravitative  pressure.  Heat  arose  from  this  compressi 
dis.-iijatcd,  tended  to  prevent  further  compression.  There  t 
niMni  between  the  opposing  processes  of  growth  and  shrinka^ 
the  former  <lomiriatcd. 

When  gro^vth  ceased  to  be  appreciable,  this  tj^je  of  dlaat: 
dnniituint,  but  its  effects  were  more  or  less  perpetuated,  li 
the  chief  agencies  of  deformation  are  thought  to  have  beer 
material,  with  some  extrusion,  a  re-distribution  of  heat  in  th 
of  Iieat  from  tlic  surfnw.  Incidentally  there  was  some  genei 
in  tile  previous  era,  but  this  is  not  presumed  to  have  equalled 
This  twofold  division  of  earth-history  may  be  regarded 
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to  thrpe  great  stages  of  diastrophism,  a  first,  in  which  accessions  to  the  exterior, 
n^ultins  in  i-oinpression  and  heat,  were  dominant;  a  second,  in  which  the  transfer 
of  mi»lten  material  from  the  interior  to  the  exterior,  involving  the  transfer  of 
h^-at.  l)ec*aine  dominant,  this  being  the  great  vok'anic  stage  that  followed  the 
cuin  staise  of  growth;  and  a  third,  embracing  the  hydro-atmospheric  eon,  in(*lud- 
injc  most  of  the  known  geological  historj-  down  to  the  present,  in  which  dias- 
tp'phism  seems  to  have  been  dependent  mainly  on  the  re-dLstribution  and  loss  of 
hr-At  and  the  internal  re -aggregation  of  material,  and  subordinately  on  the  shifting 
oi  i^ediments.  Ob\"iously,  these  several  stages  were  not  separated  by  hard  and 
b^  lines,  but  rather  graded  into  one  another  insensibly,  and  constituted  merely 
»uccea«d\'e  phases  of  dominance. 

The  Modes  of  Deformation. 

Reasons  have  already  been  given  for  belie\'ing  that  the  water-covered  areas 
vould  acquire  higher  specific  gravity  than  the  land  areas,  and  would,  therefore, 
take  precedence  in  sinking,  both  in  time  and  amount,  and  that  thus  the  great 
ba^Mns  and  the  continental  elevations  would  arise.  If  deformations  were  limited 
to  these  greatest  features  of  the  earth's  relief,  the  explanation  might  rest  here; 
but  their  surfaces  are  still  further  diversified  by  plateaus,  anti-plateaus,  and  folded 
mfuntains,  as  well  as  by  the  minor  phenomena  of  faulted  blocks,  warped  surfaces, 
et«--  ??ome  of  these,  as  the  folded  mountains,  especially  when  attended  by  over- 
ihr-i-t  faults,  imply  a  compressi\'e  lateral  movement  (Vol,  I,  pp.  500-510) ;  others, 
a>  the  sunken  blocks  attended  by  normal  faulting  and  gaping  fissures,  imply 
i-ra-Tal  tension  (Vol.  I,  pp.  510-525).  The  problem  therefore  embraces  not  only 
th*-  massive  shrinkage  suppased  to  have  given  rise  to  the  abysmal  basins  and 
<i  Tiririental  platforms,  but  such  accessory  actions  as  were  competent  to  give 
ri-*-  T.»  the  plateaa*^,  folded  mountains,  and  lesser  protuberances  of  a  compressive 
t  v:»-.  and  to  inequalities  of  a  lelaxative  type.  (For  preliminary  discussion  see  Vol. 
I.  *::..  .>42-.j89.) 

The  earth  may  be  conceived  to  be  formed  of  great  sectors  whose  bases  are 
thr-  -several  oc-ean  bottoms  and  continental  platforms  respectively,  each  con- 
•T-*-ring  a  cone,  pyramid,  or  wedge,  with  its  base  at  the  surface  and  its  apex  at 
Th*-  <>-nter  of  the  earth.  Assuming  these  factors,  for  the  moment,  to  be  units  of 
a.Tt"r:.  «-ertain  lonceptions  can  be  tested. 

1.  If  the  sub-oceanic  and  continental  sectors  all  shrank  in  equable  propor- 
ri-if.s  in  e\"er>-  part  and  simultaneously,  the  sectors  would  settle  down  within 
tr^ir  fwn  spaces  and  no  unequal  crowding  would  follow,  and  hence  no  crumpling. 
Th>  i>  certainly  not  the  actual  case. 

2.  If  the  outer  parts  of  all  the  sectors  shrank  proportionately  more  than  the 
irj^r  parts,  each  sector  could  not  only  have  settled  down  within  its  own  space, 
Kit  «ould  have  permitted  some  tensional  fissuring  and  faulting  without  involving 
bt^-ral  thrust  or  folding.    This  is  certainly  not  the  actual  case. 

:\.  If  the  sub-oceanic  sectors  simply  contracted  radially  more  than  the  con- 
:i:tf  nral  sectors,  to  the  extent  of  about  3  miles,  the  continental-oceanic  reliefs 
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would  have  been  attained,  but  the  crumpling  of  the  contini 
be  left  unexplained. 

4.  If  the  sulM)ceanic  sectors  sank  first,  for  the  reasons  pr 
by  virtue  of  their  superior  gra\dty,  wedged  aside  and  squeezei 
sectors  between  them,  the  continental  surfaces  would  doubt 
crumpled,  and  great  reliefs  and  surface  distortions  be  prodv 
But  would  the  proportions  of  lateral  thrust  and  continental  el 
the  facts?  While  it  is  necessary  to  recognize  that  no  estimate 
of  lateral  thrust  involved  in  the  mountain  folding  that  has  f 
is  more  than  roughly  approximate,  we  have  previously  taken  . 
figure  representing  the  apparent  order  of  magnitude  of  the 
due  to  folding  since  the  pre-Cambrian  times,  on  an  entire  cir 
p.  551).  If,  without  change  of  volume,  the  continental  sec 
proportionately  throughout  their  mass  by  the  sinking  ocea: 
their  surface  breadths  were  reduced  100  miles,  in  the  aggrega 
ference,  they  would  be  protruded  several  times  as  high  as  th 
is  obvious  that  this  is  not  the  whole  of  the  actual  case,  thou 
step  toward  it. 

5.  We  have  heretofore  recognized  the  possibility  that  ot 
distribution  of  heat  in  a  self-compressing  earth,  the  tcmpej 
rising  in  the  outer  800  miles  or  so  of  the  earth,  while  it  is  sink 
this  may  bring  to  bear  special  crowding  in  the  outer  parts  (\ 
It  may  be,  also,  that  crystallization  has  limits  determined  by 
and  that  only  a  certain  outer  zone  is  crystalline  while  the  c 
miscible  state,  or  in  some  unknown  state  of  superior  density, 
the  outward  distribution  of  heat  and  slightly  increasing  g 
might  lead  to  the  encroachment  of  this  central  mass  upon  tl 
by  transformation  from  the  crj'stalline  to  the  miscible  or  ( 
This  would  result  in  a  crowding  of  the  crystalline  zone  on  it 
adjustment  to  the  shrinking  central  mass,  in  a  manner  analog 
crowding  of  the  superficial  crust  on  the  shrinking  subcrust. 
other  and  unrecognized  ways,  the  outer  parts  of  the  sub-ocet 
posed  to  thrust  the  outer  parts  of  the  continental  sectors  relati 
central  parts  crowd  one  another,  surface  distortion,  greater  tl 
case  in   proportion   to  the   continental  elevation,  would  rei 
ap])roach  to  the  true  case  would  be  attained,  but  the  propon 
wide  of  the  true  ones.    But  the  kind  of  effect  that  would  be  pre 
normally,  seems  to  suggest  the  source  of  a  needed  factor.     If 
miles  thick,  were  thrust  against  another  segment  of  like  thickn 
the  latter  1  mile,  with  only  negligible  change  of  volume,  the  s 
segment  must  be  raised  a  mile  over  an  area  SOO  miles  in  widtt 
Some  change  of  volume  by  compression  would  be  inevitable, 
conception  here    sought    it    may  be  neglected.      Such  crow 
ments  seems  to  be  of  a  kind  suited  to  fonn  plateaus,  for  the 
ably  be  a  swell  or  uplift  whose  breadth  was  more  or  less  comp 
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if  the  di9torte<i   segment.    The  principles  controlling  the  distribution  of 
A  is  thought  to  require  this.    Thinner  segments  should  give  f^teaus  of  less 
i)ky  uid  their  beights  should  be  determined  by  the  extent  of  lateral  thrust, 
irh  cases,  the  crumpling  at  the  surface  would  be  smaU  relative  to  the  whole 
Aioii.     Some    tension  might  even  be  de^-eloped  on  the  top  of  the  swell. 
nm  are  commonly  a£Fected  by  much  tensional  faulting,  but  this  may  be  due 
fhr  to  the  secondary  action  presently  to  be  noted.    They  are  also  often  affected 
;be  mure  superficial  distortions  of  the  crust  yet  to  be  considered. 
6.  Vnder  the  hypoth(^sis  of  a  molten  earth,  it  is  agreed  very  generally  that  if 
qU  cTuat  formed  over  the  interior  while  the  latter  was  hot  and  expanded,  and 
itU  the  interior  cooled  and  shrank  later,  the  crust  must  ha\*e  been  too  large  for 
(fOQtracted  core  and  must  ha\'e  wrinkled  to  accommodate  itself  to  it,  involving 
lisontal  thrust.      If  such  a  crust,  whether  formed  in  this  or  anv  other  wav. 
irinp  a  thickness  of  20  miles,  were  thrust  laterally  40  miles — Lesley's  estimate  of 
b  amount  of  lateral  movement  invoh-ed  in  the  folding  of  the  Appalachian  ridges 
I  femral  Pennsylvania  * — and  folded  into  a  mountainous  tract  60  miles  nide, 
ttl  if  the  volume  of  the  rock  were  preser\'ed  by  upfolding,  the  average  height  of 
\it  upf<4d  would  he  13  miles,  an  amount  which  is  quite  out  of  accord  with  the 
brt«.    It  is  ohx'ious  on  numerical  inspection  that  no  crustal  thickness  of  this 
ordrr  <*i  magnitude  can  give  rise  to  the  actual  foldings  with  the  actual  elevation. 
If  the  approximate  volume  is  preser\-ed  by  upfolding  simply.      If  preser\-ed  by 
infoliiing,  which  would  probably  be  the  normal  mode  in  a  floating  crtLst,  the 
result  >hould  probably  be  a  synclinorium  at  the  surface,  mith  a  ver}-  different 
ex|>rp*sion  from  that  which  is  actually  presented.     If  the  crust  were  mashed  so 
as  t««  eive   up-swelling  in  small  part,  and  down-si^-elling  in   much  larger  part,  a 
rkm-r  approximation  to  the  real  case  might  be  made,  but  even  then  it  is  doubtful 
wfapThf' r  the  configuration  would  be  what  it  is. 

With  an  earth  solid  throughout,  whether  from  accretion  or  otherwise,  no  surh 
dfeprr»poniftnate  downward  swelling  is  admissible.  The  thrust  of  a  thick  crust 
b  r<r»m{i»*tent  to  form  a  plateau,  i^nth  some  crumpling,  but  apparently  not  the 
ieqTL*:re  folding  of  the  folded  mountains  ^vith  their  limited  elevations. 

7.  .Xil  hypotheses  that  postulate  a  solid  globe,  and  perhaps  all  others,  mast 
apfOTPntly  abo  postulate  a  shearing  zone  at  a  depth  such  that  the  amount  of  the 
Ittf-ral  thrust  correlated  with  the  thickness  of  the  thrust  shell,  shall  corresprmd 
to :  .1?  height  of  the  folded  tract,  when  suitable  allowances  are  made  for  the  com- 
prv'ssi'^n  and  extension  of  the  rocks,  perhaps  for  some  downward  displacement, 
Bivl  f<*r  other  incidental  results,  all  of  which  are  probably  of  small  value.  It  is 
of  pcime  importance  to  determine  what  this  thickness  is. 

Ths  tfr^^"—  of  die  folded  iheO. — The  thickness  of  the  folded  shell  appears 
ti)  bp  deducible  from  the  extent  of  the  thrust,  as  shown  by  the  folds,  combined 
vith  tlv"  average  hei^t  and  breadth  of  the  folded  tract.  For  example,  if  a  thrust 
jf  ¥*  mib^  was  involved  in  the  folding  of  the  Appalachian  ridges  in  central  Ponn- 
nrivania,  as  Lesley  estimates,  and  if  the  highest  fold  was  arched  about  5  miles,' 

>  2d  Geol.  Sunr.,  Penn.  Sumniar>\  Final  Rept.,  1903,  p.  206. 
»  2d  GeoL  Sunr.,  Pfenn.,  Pt.  X,  p.  xxi,  1885. 
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probably  a  rather  high  estimate,  the  average  elevation  of  the 
degradation  may  be  taken  at  2.5  or  3  miles  above  the  previous 
for  compression,  extension,  and  possible  downward  thrust 
immaterial  for  present  general  purposes.  The  present  width  o 
about  60  miles;  its  original  width  was  therefore,  by  estimate, 
shell  that  has  been  crumpled  from  a  width  of  100  miles  to  a  wi 
in  so  doing  has  raised  its  surface  2.5  miles,  on  the  average,  mi 
nally  3.75  miles  thick,  neglecting  possible  changes  of  density,  < 
average  surface  3  miles,  it  must  have  been  4.5  miles  thick,  • 
A  similar  method  may  be  applied  to  other  mountain  ranges  for 
estimates  of  crustal  shortening  and  of  the  heights  of  the  foldec 
and  the  results  are  of  a  similar  order  of  magnitude.  It  appeal 
phenomena  of  the  folded  tracts  themselves  indicate  that  only  a 
inmiediately  involved  in  their  formation. 

The  conclusion  that  a  shell  of  a  very  few  miles  only  was  in"v 
lings  of  the  folded  mountains  is  so  important  as  to  invite  mo: 
of  the  shortening  of  the  crust,  of  the  dimensions  of  the  folds, 
elevations  of  the  folded  tracts  than  have  thus  far  been  made, 
more  critical  measiu^ments  and  perhaps  new  methods.  . 
proved  data,  a  shell  of  perhaps  3  to  5  miles  thickness  may  be  t 
tive.  This  is  found  to  be  in  reasonable  harmony  with  ot 
For  example,  a  normal  fold  cannot  well  be  less  than  twice  t 
folded  strata  imtil  these  have  been  closely  recurved  upon  thei 
by  transverse  pressure,  and  this  only  occurs  when  close  appress 
selection  of  the  available  cross-sections  of  the  Appalachian  fo] 
in  folios  of  the  U.  S.  Geological  Survey,  measured  liberally  & 
lowest  dips  of  the  flanks,  gives  an  average  width  of  about  8 
more  closely  so  as  to  include  the  more  distinctly  folded  por 
miles.  The  halves  of  these  fall  wdthin  the  range  above  gi^ 
of  other  mountain  ranges,  so  far  as  available,  are  of  similar  im; 

The  shear-zone. — If  we  seek  reasons  for  the  limited  thic 
shell,  and  for  a  shearing-zone  so  near  the  surface,  they  may  i 
the  relations  of  the  weight  to  the  rigidity  of  the  crust,  or  the 
crushing-strength  and  shearing-strength.  Available  data  as 
rocks  are  very  inadequate,  and  only  tentative  applications  < 
experimental  tests  have  usually  related  to  the  crushing-stre 
shearing-strength.  They  are  also  usually  made  on  selected  re 
are  hence  probably  higher  than  the  average  rock  in  its  na 
They  are  clearly  higher  than  the  native  strength  of  rocks  neai 
much  weakened  by  Assuring,  leaching,  and  other  superficial  chai 
depths,  however,  these  weaknesses  disappear,  and  the  rocks 
continuous  and  sound.  At  greater  depths,  compression  pro] 
strength,  while  increased  heat  tends  to  reduce  it,  but  for  the 
this  discussion  neither  of  these  factors  probably  becomes  vital 
average  crushing-strength  of  the  granites  that  have  been  ex 
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XNii  25y00O  pounds  per  square  inch;  that  of  the  limestones  about  16,000 
ads;  mod  that  of  tbe  sandstones  about  6000  pounds;  while  that  of  shale, 
Ak  has  scarcely  been  tested  at  all,  because  unfit  for  building  purposes,  is 
mably  less  tlian  that  of  sandstone.  At  the  depths  where  the  shearing-zone 
Kin  to  lie,  crystalline  rocks  undoubtedly  exist  in  higher  proportions  than 
If  the  surface,  and  so  the  average  ultimate  strength  undoubtedly  rises  toward 
^U^r  figure  given,  as  the  depth  increases.  It  is  to  be  noted,  however,  that 
Mag  the  crystalline  rocks  some  have  less  strength  than  the  granites  tested. 
Now,  at  a  depth  of  a  mile  the  vertical  pressure  arising  from  the  weight  of  the 
vnlying  rock  is  about  6000  pounds  per  square  inch,  while  the  resistance  of  the 
xk  to  crushing  is  probably  as  great  or  somewhat  greater  than  indicated  above. 
Utltts  depth,  therefore,  on  the  average,  the  weight  of  the  rock  \iill  be  insufficient 
Ad(iorm  the  crust  by  crushing,  and  thus  adapt  it  to  the  shrinkage  of  the  interior. 
IW  cnist  must  meet  the  tendency  of  the  interior  to  shrink  away  from  it  by  a 
tendFory  to  develop  a  parting,  and  thus  bring  into  play  the  principle  of  the  dome 
in  iu  support,  and  thereby  develop  a  tendency  to  lateral  thrust.  Now  as  prev- 
iwMhr  shown  (Vol.  I,  p.  581),  the  strength  of  even  the  best  rock  is  utterly  incapable 
q(  resistiDg  the  thrusts  of  the  flat  dome  of  the  earth's  crust  when  fully  brought 
imo  play.  At  3  miles  depth  the  weighting  has  increased  to  about  18,000  pounds 
per  square  inch,  at  4  miles  to  about  24,000  pounds,  and  at  5  miles  to  about  30,000 
pounds.  Within  this  range  the  weighting  must  approach,  and  perhaps  pass  the 
TuAing-fltrength  of  the  average  rock  involved.  Down  to  the  point  where  the 
vHchting  equals  the  crushing-strength,  the  tendency  to  arching  with  accompany- 
ing lateral  thrust,  must  take  precedence  over  the  tendency  to  crush.  At  ix)ints 
ippreciably  deeper,  where  the  weight  is  greater  than  the  crushing-strength, 
deformation  hy  flowage  is  the  normal  result.  The  distinction  here  is  analogous 
to  that  between  the  zone  of  fracture  and  the  zone  of  flow,  as  developed  by  \'an 
HLie  and  Hoskins,*  but  is  not  strictly  identical  with  it,  for  here  lateral  thrust  and 
iiiearing-fltrength  are  essential  factors.  The  zone  of  shear  reaches  higher  than  the 
KMie  at  which  fracture  becomes  impossible  under  radial  stress  alone.  The  zone  of 
^hea^  is  perhaps  identical  with  the  lower  part  of  the  theoretical  zone  of  fracture 
and  the  upper  part  of  the  tone  of  flow. 

rudmc  In  tracts  of  least  resistance. — Now  since  the  shrinkage  of  the  interior 
is  a  j^wand  essentially  simultaneous  process,  the  shearing-stress  probably  develops 
an  esentially  simultaneous  thrust  over  large  areas,  and  as  the  shell  offers  much 
TtsvUknot  to  local  folding,  a  conjoint  shear  for  large  areas — in  distinction  from 
numerous  local  independent  shears — is  developed,  involving  a  common  movement 
of  larice  portions  of  ths  shell  toward  some  tract  of  least  resistance,  where  relief 
is  found  fo^  the  whole  stress  in  a  concentrated  folding.  Tracts  of  low  resistance 
are  obviously  found  (1)  at  or  near  the  borders  of  the  continents,  where  the  crust 
15  already  flexed  in  its  descent  from  the  continental  platforms  to  the  ocean  bot- 
tnm«:  (2^  in  tracts  hack  from  the  borders  of  the  continents  where  special  flexures 
have  been  developed  by  deep  sedimentation  and  attendant  down-bowing;  and 

«  IGth  Ann.  Rept.  U.  S.  Geol.  S»r\\,  I,  1894-9.5,  pp.  589-603,  845-859. 
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(3)  in  tracts  that  have  been  weakened  by  previous  folding  oi 
initiate  folding,  the  lateral  thrust  of  the  shell  must  not  only 
the  shearing  resistance  at  its  base,  but  also  to  the  resistance 
weak  tract  to  folding. 

It  must  be  confessed  that  the  extent  to  which  a  conmion  Is 
to  have  taken  place  is  greater  than  might  have  been  anticipat 
considerations.  Shears  for  short  distances  only  and  moderate 
points  might  have  been  expected,  rather  than  shears  of  mi 
vast  tracts  by  a  conmion  movement  which  concentrated  their 
in  a  single  folded  tract.  It  is  perhaps  not  strange  that  the 
ocean  basin  should  have  thrust  laterally  from  its  center  to  it 
was  already  flexed  and  weak,  but  the  great  concentration  of  * 
cases,  and  the  fewness  of  the  folded  tracts  in  any  given  foldi 
indicate  that  a  conjoint  movement  of  even  greater  extent  took 

Periodicity. — While  the  ulterior  causes  of  folding  may  be 
continuous  action,  and  hence  folding  liable  to  take  place  at 
times  in  different  parts  of  the  earth,  and  more  or  less  continu 
of  geologic  history  seems  to  indicate  that  there  were  long  peric 
stresses,  followed  by  shorter  periods  in  which  the  stresses  r 
by  a  rather  general  deformation  of  the  several  kinds  indicated 
cannot  be  said  to  be  held  universally,  however. 

Supposed  combined  action. — From  the  foregoing  considerat 
conception  of  a  typical  deformation  of  the  major  order  is  c 
Presuming,  in  accordance  with  the  sketch  of  the  stages  of  growl 
basins  and  continental  platforms  have  been  determined  previc 
that  the  transfer  of  material  and  heat  in  the  body  of  the  earl 
from  the  surface,  and,  probably  most  important  of  all,  the  mc 
ment  of  matter  in  the  interest  of  greater  density,  gradually 
cumulated  stress  enough  to  overcome  the  effective  rigidity  of 
the  earth,  and  to  cause  a  general  shrinkage.  For  reasons  p 
this  is  supix)sed  to  have  been  inaugurated  in  the  sectors  be  neat 
which  are  assumed  to  have  shrunk  radially,  and  to  have  cro\ 
jactMit  sul)-c»ontinental  sectors  to  the  extent  of  causing  a  sligt 
in  their  elevations. 

It  is  also  to  be  assumed  that,  more  or  less  locally  or  reg 
jiarts  of  the  oceanic  and  continental  sectors,  and  perhaps  si 
8|H»fiaHy  ujK)n  one  another  for  considerable  depths  and  in  va 
that  these  sjKM'ial  deej>-seated  thrusts  gave  rise  to  the  mass 
constitute  plateaus.  In  neither  of  these  cases,  however,  was 
gn\nt,  nor  did  it  contribute  much  to  superficial  crumphng.  It  i 
interii>r  shrinkage  involveil  the  descent,  relative  to  the  center, 
stM'tors  as  well  as  the  sub-oceanic,  but  to  a  slightly  less  degree. 
fHM'tors  have  IxH^n  sjwken  of  as  being  crowded  up,  or  caused  to 
elevation,  in  accordant  with  the  common  usage  of  terms  in  tt 
subjeot.    These  terms  relate  to  the  average  level  of  the  surfac€f  < 
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pUne  of  referenoe,  not  to  abeolute  distance  from  the  center  of  the  earth.  Rightly 
UDdrntood,  these  are  proper  tenns,  dynamically,  since  it  is  the  relation  of  part 
to  part  that  produces  the  distortional  effect.    There  is  a  very  closely  related 


Ftc.  32r. — Diagram  illuMrating  the  supposed  elements  of  a  general  deforrnatit'e  move- 
nirnt.  .S'-S  represents  the  outline  of  the  sphere  at  the  ocean  level  before  defonna- 
iii>n.  Tlie  dotted  line  represents  the  corresponding  suKace  of  the  lithosphere,  the 
•  cran  t>u.«in  occupying  the  center  and  the  continents  tlie  flanks.  S'S'  represents 
i)ie  ••inline  of  the  sphere  at  the  ocean  level  after  deformation,  the heavv  line  repre- 
?«niinE  the  outer  surface  of  the  defornied  lithospliere,  and  the  apace  between  SS 
and  S'S'  rejjresenting  (much  exaggerated  relatively)  the  vertical  shrinkage  which 
i*  the  irreat  feature  of  the  movement  but  is  onlv  made  apparent  through  its  de- 
foruing  efTetrts.  That  part  of  the  outer  shell  which  is  beneath  the  ocean  is  eup- 
pi>«d  to  descend  without  much  compression,  while  tlie  necessary  folding  is  coa- 
cmtrated  on  the  borders  of  the  continent.  The  central  portion  beneath  the  ocean 
i<  rrpt^^iented  as  descending  directly  toward  the  center.  The  portions  on  each 
ndr  preser\-e  their  length  by  thrusting  laterally  and  hence  descend  along  patlis 
tepfe-«nted  by  the  arrow-hf^ed  lines  of  which  those  at  the  border  of  the  ocean 
o.  a',  are  the  most  oblique  and  represent  the  greatest  thrust.  On  the  borders  of 
the  contineot  the  crust  is  folded  to  the  extent  of  this  lateral  thrust.  This  of  course 
only  holds  true  when  the  thrust  is  limited  to  a  single  oceanic  basin.  The  lateral 
tliriiM  i."  chiefly  fell  in  the  outer  shell  or  rigid  zone,  RZ,  which  embraces  the  heavy 
line  and  the  dotted  lone  below.  Beneath  tliis  lies  the  shear  zone,  SZ,  whose  foliated 
nrurturr  is  tvpreaented  as  not  unlike  that  of  the  "drag"  belt  of  a  fault  plane. 
The  igneous  sheets,  batholiths,  etc.,  which  are  supposed  to  especially  affect  this 
zrifir.  are  not  represented.  The  great  sector  beneath  the  ocean  is  represented  as 
ha^-inc  crowded  slightly  upon  the  sectors  beneath  the  continents  on  either  hand, 
ihi*  crowding  being  represented  by  the  short  arrows  b,  b'.  By  comparing  bb'  with 
nn'  ihr  reason  for  the  shear  lone  will  be  made  apparent.  On  the  right-hand  side 
the  outer  part  of  the  sub-oceanic  sector  is  represented  as  crowding  upon  the  con- 
liaental  sector  an  exceptional  amount,  as  represented  bv  the  dcHection  of  the 
linr  4?>".  This  gives  rise  to  the  plateau  at  the  right,  "the  proportions  of  most 
'•f  the  ngnificant  parts  are  necessarily  exaggerated  relatively. 

eoQcvption,  which  needs,  hovever,  to  be  distinguished  from  this,  that  of  the 
riirinLa^  (settling)  of  the  general  crust  away  from  certain  portions,  leaving  ths 
latter  protuberant.  Such  areas,  left  above  their  surrotmdings  by  circumjacent 
depreaqon,  hAve  been  called  horsU.'  While  the  existence  of  horsts  is  not  qiK*- 
■  Suess,  Das  Antlitz  der  Erde,  p.  167. 
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tioned,  as  will  appear  later,  they  are  conceived  to  belong  to  a 
different  from  that  of  the  great  plateaus  here  under  discussioi 
of  the  latter,  while  the  whole  outer  portion  of  the  earth  is  su; 
descending,  the  plateaus  included,  the  porta  mutually  crowtU 
resulting  in  the  relative  displacement  of  some  of  them  by  p 
squeezing,  and  mass  distortion.  The  d3mamics  here  were  pc 
parts  were  concerned,  not  negative,  as  in  the  case  of  true  hon 

The  superficial  shell,  not  having  undergone  the  molecular  i 
assigned  to  the  interior,  and  hence  not  having  shrunk  pro 
supposed  to  have  accommodated  itself  to  the  shrunken  in 
previously  described,  and  as  commonly  held  under  all  hj 
illustrates  graphically  the  supposed  movements  acting  conjoi 

The  zone  of  accommodation.  —  Between  the  folded  she 
where  flowage-deformation  prevails,  there  is  presumed  to  t 
modation  by  which  the  one  is  adjusted  to  the  other.  This  zoi 
is  supposed  to  be  affected  partly  by  shear  and  partly  by  flc 
the  nature  of  the  formations  of  which  it  is  composed  at  an; 
nature  of  the  stresses  which  there  affect  it.*  It  is  presmne 
shear  along  a  few  selected  planes  above,  through  shear  along 
middle,  to  continuous  shear,  or  flowage,  below,  and  thus  to  coi 
zone  from  the  shell  to  the  main  body. 

The  shear-zone  a  zone  of  foliation. — The  more  distributive 
in  this  zone  would  obviously  give  rise  to  foliation  and  schist< 
therefore,  the  shear-zone  becomes  a  zone  of  foliation,  practi 
globe  next  beneath  the  rigid  shell.  Under  the  planetesimal  1 
is  supposed  to  have  been  gradually  lifted  as  the  growth  of  t 
and  hence  to  have  undefined  depth.  In  those  portions  of 
were  protruded  above  the  sea  at  an  early  date,  and  that  we 
material  for  the  sedimentary  rocks,  it  is  conceived  that  thij 
tensivcly  exposed,  and  constitutes,  in  part  at  least,  the  foliat 
as  Archoan;  indeed  the  Archean  areas  are  conceived  to 
portions  of  the  shearing  zone  that  have  been  brought  to  the  su 
of  the  shell  that  once  overlay  them. 

The  relations  of  the  shear-zone  to  igneous  intrusions.  —  Fr 
be  seen  that  the  shearing-planes  are  flexed  as  a  result  of  lat 
that,  typically,  their  section  is  a  double  curv^e,  the  middle  p 
not  be  greatly  removed  from  the  horizontal.  It  is  conceived  i 
reaching  this  zone  in  its  passage  outward  from  the  interior,  \ 
to  follow  the  shearing-planes  already  developed,  these  beii 
resistance.  The  rising  molten  rock  must  often  have  been  so 
the  course  of  its  passage,  and  hence  residual  portions  arrested  1 

*  Technically,  flowage  takes  place  by  shear,  but  it  is  the  shear 
other  adjoining  part,  while  in  the  more  common  usage  here  1 
confined  to  selected  planes. 
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the  shearing-xone  may  well  be  supposed  to  have  given  rise  to  that  alternation  of 
sheets  of  igneous  rock  and  foliated  rock  which  constitutes  a  common  and  typical 
phenomenon  of  the  Archean  terranes.  It  may  well  be  supposed  further,  that  the 
more  viscous  igneous  rocks,  by  gradually  stiffening,  might  often  lodge  in  the  more 
vmrly  horizontal  stretches  of  the  shearing  zone,  in  large,  flattened,  disk-like  lenses, 
and  constitute  batholiths.  The  enormous  areas  occupied  by  the  Archean  batho- 
fithj  seem  to  find  in  this  an  explanation  that  does  not  involve  the  serious  dis- 
placements of  adjacent  rock  usually  assigned  to  them. 

Secondary  or  tensional  movements. — In  the  foregoing  primary  deformations 
the  mo\-ements  are  essentially  compressive  in  effect.     Incidentally,  some  tension 
V  involved  in  particular  portions,  as  on  the  tops  of  folds,  and  perhaps  on  the  great 
ftn-hes  of  the  plateau-sweUs,  and  elsewhere.   These  primary  processes  therefore  offer 
Di*  adequate  exj^nation  of  the  prevalence  of  tension  in  the  outer  part  of  the 
rrmtinents.     As  these  tensional  phenomena  are  T^idely  prevalent,  they  imply  a 
fB^neral  cause.      They  are  here  referred  to  secondary  action,  following  upon  the 
primary  deformation.     In  the  sinking  of  the  great  sectors  and  in  their  mutual 
m»wding,  especially  in  the  formation  of  plateaus,  it  is  held  that  portions  of  the 
ointinent  were  relatively  elevated  above  the  plane  of  isostatic  equilibrium,  and, 
fc»  the  nitiss  of  the  interior,  though  solid,  is  not  absolutely  rigid,  there  is  ground 
f'lr  the  presumption  that  the  excess  of  gravity  in  the  protuberant  portions  was 
in^ually  relieved  by  their  slow  sinking;  in  other  words,  a  secular  movement 
in  the  direction  of  isostasy  would  follow  the  periods  of  deformation.    This  view 
is  especially  applicable  to  the  great  plateaus.    A  direct  movement  do^^^lwa^d, 
whi«*h  would  be  the  primary  phase  of  an  isostatic  movement,  would,  however, 
wntl  to  develop  thrust,  but  because  of  the  protuberance  a  lateral  creep  is  pos- 
tulated.    Such  a  creep  is  postulated  regardless  of  isostasy.    The  continents  now 
Tvt*-  about  3  miles  above  the  average  ocean  bottom,  and   much  more  than  that  in 
♦rrtain  fjortions.     Since  the  volume  of  the  ocean  has  probably  not  greatly  changed 
d:irinz  known  geological  time,  and  since  the  continents  appear  to  have  risen  to 
anil  above  the  surface,  about  as  now,  in  the  earliest  known  geological  ages,  it  is 
aAiijmed  that  similar  differences  of  relief  have  prevailed  at  the  various  known 
ct-i«»rmative   periods.     We  have  seen  that  the  gravitative   pressure  at  3  miles 
4-:»'h  is  nearly  or  quite  as  great  as  the  shearing-resistance  at  that  depth.     If  a 
sl^niring-zone  at  depth-s  of  3  to  5  miles  had  already  Ix^en  developed  during  the 
primarj-  deformation,  this  would  facilitate  a  reversed  movement  along  the  same 
fi^-£ir-pLine:ii.     It  is  therefore  conceived  that  the  continental  platforms,  by  press- 
ine  ujxin  their  bases  to  the  extent  of  10,000  to  30,000  pounds  to  the  square  inch, 
w<p:jld,  though  opposed  by  perhaps  5000  jwunds  per  square  inch  pressure  from 
tih*  ijreans,  gradually  creep  laterally  under  their  own  gravity,  in  a  slow  glacier- 
lik/»  way.    This  supposed  lateral  creep  should  be  attended  by  crevassing,  Assuring, 
ar>l  normal  faulting;  in  other  words,  by  the  prevalent  tetifiional  phenomena  whieh 
tt€  n*fUinenis  present.    It  should  be  much  more  marked  in  the  plateau  regions 
than  cLewhere,  because  of  their  superior  elevation,  and  it  is  there  that  normal 
faulting  is  most  pronounced. 

rfft-Talleys,  etc — In  a  teasional  movement  of  this  kind,  affected  by 


132  GEOLOGY. 

various  inequalities  of  bottom,  of  the  shear-zone,  and  of  r 
certain  blocks  of  the  shell  noay  well  be  supposed  to  settle  awa^ 
leaving  them  protuberant  as  horsts.  Certain  other  blocks  m 
lower  than  the  adjacent  ones,  to  fill  the  vacancy  made  by  the 
neighboring  blocks.  Tiltings,  rift-valleys,  and  other  pheiu 
tensional  areas  would  be  natural  accompaniments. 

ReUtions  to  sedimentation. — Lateral  creep  from  continents 
should  gradually  lower  the  continents,  particularly  at  their  boi 
a  landward  creep  of  the  sea,  giving  rise  to  tracts  of  shallow  wa 
seas)  well  adapted  to  the  shallow-water  sedimentation  whic 
the  continental  areas  during  the  course  of  known  geological  ] 
furthermore,  give  rise  to  slight  changes  of  elevation,  by  reason  < 
ment  over  inequalities  of  base.  Gentle  warpings,  undulatioi 
should  occur,  as  in  glaciers,  and  for  like  reasons.  Moveme: 
because  of  their  extreme  gentleness,  would  be  admirably  a 
those  common  phases  of  stratification  in  which  a  nearly  co 
changing  depth  of  water  is  maintained  for  long  periods.  Th 
also  constitute  an  element  in  base-leveling. 

On  the  borders  of  the  continents,  such  supposed  creep  i 
several    peculiar   results   that   will  be  discussed  under  the 
periods,  since  they  seem  to  have  specially  manifested  themsel 
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3.  According  to  the  planetesimal  theory,  the  core  of  th 
is  made  up  of  planetesimal  matter,  perhaps  correspon 
in  composition  to  meteorites.  After  aggregation,  tl: 
matter  Avas  probably  recrystallized  under  the  influent 
and  pressure  which  the  aggregation  involved,  the  resul 
essentially  igneous  in  its  nature.  Outside  the  central  c( 
therefore  be  (1)  a  thick  zone  made  up  largely  of  plane 


Fio.  33. — ^A  diagrammatic  sector  of  the  earth  illustrating  its  stru 
the  Laplacian  hypothesis.  The  great  body  of  the  earth  is  maAl< 
igneous  rock.  Sedimentary  rocks,  together  with  some  extrusi^ 
a  thin  coating,  represented  in  the  diagram  by  black,  outside 
interior.  The  original  igneous  rock  is  represented  as  appearin] 
some  places  (JR).  This,  according  to  one  view,  might  repr 
rock. 

but  partly  of  igneous  rocks  erupted  from  below,  and  partb 
rocks.  The  planetesimal  matter  is  assumed  to  predi 
lower  and  major  part  of  this  zone;  igneous  rock,  eruptiv 
is  assumed  to  have  a  somewhat  irregular  distribution  '^ 
the  sedimentary  rock  increases  in  importance  above,  th 
throughout  a  very  subordinate  constituent.  This  zc 
growth  of  the  earth  from  the  initiation  of  volcanic  a 
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processes  to  the  close  of  the  period  of  notable  growth  by  accretion.  The 
central  core  and  this  thick  aone  about  it  represent  the  Formative  eon 
(p.  119).  (2)  The  next  zone,  probably  a  relatively  thin  one,  is  assumed 
to  be  made  up  dominantly  of  extrusive  igneous  rocks,  with  idiich  would 
be  associated  subordinate  amounts  of  sedimentarv  matter  and  matter 


Fig.  34. — Diagnumnatic  sector  of  the  earth  illustrating  its  composition  on  the  modi- 
fied form  of  the  Laplacian  hypothesis.  As  in  the  preceding  ngure,  the  great  body 
of  the  earth  is  made  up  of  the  original  igneous  rock.  Outside  this  origiiud  igneous 
mAW,  there  is,  according  to  this  h>'pothesis,  a  zone  of  extrusive  materia^  with 
perhaps  some  sedimentary-  rock  intermingled.  This  is  represented  by  zone  2  in 
the  diagram.  The  matenal  of  this  zone  is  represented  as  coming  to  the  surface 
at  two  points  {^).  Outside  this  zone,  there  is  a  third  zone  made  up  primarily 
of  wdimentary,  but  subordinately,  of  extrusive  rocks.  According  to  one  inter- 
pretation, the 'material  of  the  second  zone  might  constitute  the  Archean  rock. 

gathered  in  from  space.  This  zone  represents  the  Extrusive  eon  (p. 
119 1.  (3)  Chitside  it  lies  the  superficial  zone  in  which  sedimentary  rocks 
predominate,  though  associated  with  not  a  little  rock  of  igneous  origin. 
The  first  two  zones  outside  the  core  are  assumed  to  be  universal,  while 
the  outermost  zone,  being  composed  primarily  of  material  washed 
down  from  the  land  and  deposited  in  the  sea,  fails  to  encircle  the  glob 

The  oldest  accessible  formation. — With  these  ideal  sections  in  mr 
it  is  pertinent  to  inquire  what  might  be  the  nature  of  the  oldest 
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formations  accessible,  on  the  various  hypotheses  whicli 
represent.  The  deepest  excavations  yet  made  in  the 
little  more  than  a  mile  in  depth,  and  while,  by  reasor 
and  erosion,  rocks  which  once  lay  at  greater  depths  bel 
have  been  exposed,  the  maximmn  thickness  of  rocks  op 
tion  is  but  a  few  miles.  Knowledge  of  rock  formations  i 
based  on  observation,  is  therefore  limited  to  some  such 


Fig.  35. — ^Diagram  representing  the  structure  of  the  earth  according 
mal  hypothesis.  The  material  of  zones  1  and  2  is  indicated  in  th 
3  of  tins  figure  corresponds  to  zone  2  of  Fig.  34,  and  zone  4  of 
sponds  to  zone  3  of  Fig.  34. 

1.  On  the  simpler  form  of  the  gaseo-molten  hypoth 
hope  to  reach  the  original  crust;  for,  considering  the  d 
rocks  are  exposed,  it  is  not  rational  to  suppose  that 
principal  source  whence  sedimentary  rocks  were  derived, 
covered  so  deeply  by  the  derivative  material  as  to  b 
2.  According  to  the  modified  form  of  the  gaseo-molt€ 
oldest  accessible  rock  might  not  be  lower  than  the  deeper 
zone  of  mingled  extnwivt^  and  sedimentary  rocks  intermi 
the  original  crust  below  and  the  dominantly  sedimentary  j 
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On  the  planetesimal  hypothesis,  the  oldest  rocks  to  which  we  might 
ipe  to  gain  access  would  be  those  referred  to  the  Extrusive  eon  (p. 
19),  during  which  more  or  less  sedimentary  rock  was  mingled  with 
le  volcanic.  On  this  hypothesis,  as  on  the  preceding,  no  sharp  line 
f  demarkation  would  be  expected  between  dominantly  sedimentary 
odes  above,  and  dominantly  non-sedimentary  rocks  below. 

The  rock-formations  now  most  widely  exposed  at  the  surface  are 
rdimentary,  and  were  therefore  formed  during  the  time  of  atmospheric 
iDd  hydrospheric  dominance,  that  is,  during  the  great  Gradational 
MO  (p.  119).  In  not  a  few  places,  however,  formations  of  dominantly 
extrusive-igneous  or  meta-igneous  origin  are  found,  either  beneath 
the  prevailing  sedimentary  rocks,  or  projecting  up  through  them  in 
mch  relations  as  to  show  their  greater  age.  In  many  cases  these 
inferior  rocks  were  thoroughly  metamorphosed,  and  in  essentially  their 
pwsent  condition,  before  the  deposition  of  the  overlying  beds,  for  masses 
of  metamorphic  rock  derived  from  them  are  included  in  the  non- 
ntetamorphic  series  above.  These  igneous  and  meta-igneous  forma- 
tions  which  antedate  the  oldest  known  series  of  rocks  made  up  chiefly 
of  sediments,  are  the  oldest  rock-formations  known,  and  the  era  during 
which  thev  were  formed  is  therefore  the  first  era  of  which  there  is 
definite  record  in  the  accessible  formations  of  the  earth. 

These  rocks  consist  of  a  very  complex  series  of  formations,  embrac- 
ing lava  outflows,  volcanic  tuffs,  igneous  intrusions  of  various  types 
ind  exceptional  extent,  together  with  some  sedimentary  deposits, 
iD  usually  metamorphosed  and  notably  deformed.  Distinct  fossils 
uive  not  been  found  in  these  rocks,  but  the  occasional  presence  of 
1)  carbonaceous  shales  very  similar  to  younger  shales  which  derived 
heir  carbon  from  organic  sources,  (2)  iron-ore  beds  similar  to  those 
rfaidi  owe  their  origin  to  plant  action,  and  (3)  occasional  limestones 
Dd  cherts  which,  as  a  class,  are  usually  the  products  of  organic 
rtioo,  are  thought  to  imply  the  existence  of  life,  and  to  warrant 
lacing  the  era  when  these  rocks  were  formed  in  the  "zoic"  group. 
his  view  is  supported  by  the  theoretical  probability  that  life  extended 
ick  through  a  vast  period  unrecorded  by  fossils,  since  the  earliest 
mk  yet  found  imply  a  very  prolonged  antecedent  evolution.  The 
•a  during  which,  or  during  the  later  part  of  which,  this  oldest  sj'stem 
'  aeoemUe  rock-formation  was  made,  is  the  Archeozoic  era. 

Under  the  planetesimal  hypothesis,  the  oldest  known  rocks  may 
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be  confidently  referred  to  the  Archeozoic  era,  for,  a 
hypothesis,  rocks  of  organic  origin  and  rocks  containir 
ucts  were  not  only  mingled  with  all  series  that  are  ace 
an  indefinitely  deep  series  below,  since  life  is  supposed  t< 
long  before  the  earth  acquired  its  growth.  The  o 
known  may  also  be  Archeozoic  under  the  modified  phs 
hypothesis  which  has  been  presented  (p.  88);  but  ur 
form  of  the  hypothesis  of  a  molten  earth,  the  original 
placed  in  the  Archeozoic  system,  for  its  formation  anted 
ance  of  life.  It  must  therefore  be  assigned  to  an  ee 
"  lithic  "  era  (see  p.  83).  Since  recent  investigations  re 
doubtful  whether  any  accessible  rocks  can  be  referred 
original  crust,  there  is  little  ground  for  referring  any 
an  azoic  era  antedating  the  Archeozoic. 

To  avoid  all  difficulties  arising  from  doubt  as  fc 
extension  of  organic  rocks,  the  non-committal  term  2 
system,  Archean  complex)  is  commonly  applied  to 
here  referred  to  the  Archeozoic  era.  This  term  is  pr 
to  the  oldest  group  of  accessible  rocks,  whatever  t 
whether  contemporaneous  with  life  or  antedating  its 

Delimitations. — The  lower  limit  of  the  Archean  sj 
to  be  inaccessible.  Its  wpjper  limit  has  been  fixed  at  i 
by  different  authors.  The  term  Archean  (very  old 
introduced  to  displace  the  older  terms  Azoic  (without 
(dawn-life),  whose  etymological  meanings  made 
inadmissible  and  sometimes  of  uncertain  applies 
the  term  was  made  to  include  all  rocks  below  the  a 
bearing  (Cambrian  and  later)  systems;  but  progressive 
that  there  are  three  or  more  great  systems  of  sedin 
sedimentary  rocks  (with  interbedded  igneous  sheets] 
with  one  another,  between  the  Cambrian  sedimentarie 
great  complex  of  igneous  and  metamorphic  rocks  bek 
thought  by  leading  geologists  especially  engaged  in 
of  these  formations,  that  the  pre-Cambrian  system 
sedimentary  rocks  should  be  separated  from  the  doi 
or  meta-igneous  complex  below.^    Following  their 

*  Irving,  Seventh  Ann.  Rept.,  U.  S.  Geol.  Surv.,  pp.  448-454,  an 
U.  S.  Geol.  Surv.,  pp.  491-493. 
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Cambrian  systems  of  rock,  composed  chiefly  of  sediments,  are  here 
separated  from  the  Archean,  and  designated  Algonkian  or  Proterozoic. 
The  former  term  is  commonly  used  by  members  of  the  U.  S.  Geological 
Sun-ey,  and  by  some  others,  though  it  is  little  employed  outside  the 
United  States.  It  has  the  same  terminal  form  as  Cambrian,  Silurian, 
etc..  terms  applied  to  groups  of  strata  of  a  much  lower  order  of  im- 
portance, and  hence  the  term  Proterozoic,  corresponding  to  the  terms 
of  higher  rank,  seems  a  better  name  for  the  great  group  of  systems 
between  the  Archeozoic  below  and  the  Paleozoic  above.  Since  these 
systems  are  verj-  thick  and  separated  from  one  another  by  great  imcon- 
formities,  they  represent  a  vast  lapse  of  time,  probably  quite  comparable 
in  importance  to  that  of  the  Paleozoic,  Mesozoic,  or  Cenozoic,  or  perhaps 
even  to  all  combined.^ 

There  are  theoretical  reasons  of  some  weight  for  separating  from 
the  Archean  complex  all  series  of  rocks  that  are  made  up,  in  large 
part,  of  quartzose  sandstones,  mudstones,  and  limestones,  or  their 
metamorphic  equivalents.  These  rocks  are  made  up  of  the  products 
of  mature  weathering^  and  therefore  imply  that  the  surface  from 
which  their  materials  were  derived  was  long  exposed  to  chemical  decom- 
podtion  without  very  favorable  conditions  for  wash;  otherwise  partially 
decomposed  products  would  have  been  carried  away  and  deposited 
before  decomposition  was  complete,  and  the  result  would  have  been 
arkoses  and  wackes  rather  than  quartzose  sandstones  and  shales. 
A  covmng  of  v^etation  is  the  chief  agency  that  now  prevents  this 
premature  wash,  and  secures  mature  decomposition.  While  it  may 
not  be  wholly  safe  to  conclude  that  a  vegetal  covering  of  the  land  was  a 
necessary  condition  for  the  formation  of  the  quartzose  sands  and  the 
muds  which  enter  largely  into  the  systems  referred  to  the  Proterozoic, 
it  seems  best  to  entertain  this  presumption  to  the  extent  of  separating 
these  systems  from  the  more  ancient  complex  of  rocks  in  which  the 
products  of  such  complete  decomposition  do  not  seem  to  prevail.  The 
term  Archean  is  therefore  here  restricted  to  those  formations,  composed 
chiefly  of  igneous  and  meta-igneous  rocks,  which  antedate  the  oldest 
known  dominantly  sedimentary  system.  Since  the  Archean  system 
of  rocks,  as  thus  defined,  is  primarily  of  extrusive-igneous  or  meta- 
igneous  ofigin,  the  era  during  which  they  were  formed  is,  under  the 
planetesimal  hypothesis,  r^arded  as  the  time  of  transition  from  tb 

«  Van  Hise.  Bull.  86,  U.  S.  Geol.  Sur\'..  p.  491. 
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earlier  Formative  eon  to  the  later  Gradational  eon  (p.  1 
to  the  modified  form  of  the  gaseo-molten  hypothesis  al 
rocks  may  be  referred  to  the  Extrusive  eon. 

General  Characteristics  of  the  Archean} 

The  Archeozoic  era  was  characterized  by  great  v( 
as  shown  by  the  nature  of  the  formations,  and  by  gre 
and  metamorphism,  as  shown  by  the  deformations  and  a 
the  r.ocks  had  suffered  prior  to  the  Proterozoic  era 
rocks  of  no  later  era  are  so  largely  igneous,  so  notably 
highly  metamorphic.  Because  of  these  characteristics, 
tion  of  these  rocks  is  difficult,  and  such  views  of  th( 
and  correlation  as  are  now  entertained  are  to  be  held  sub 
tion  as  investigation  proceeds. 

Subdivision. — Recent  investigations  seem  to  inc 
oldest  parts  of  the  known  Archean  consist  of  altere 
of  lavas,  and  pyroclastic  rocks.  This  implies  a  p: 
surface  on  which  the  flows  took  place,  and  therefore 
these  are  not  the  earliest  rocks  that  were  formed. 

Associated  with  the  metamorphosed  surface  lava-sl 
clastic  formations  there  are  occasional  beds  of  metai 
glomerate  and  shale,  and  beds  of  jasper  and  iron  ore,  all 
contemporaneous  water-action.  Some  metamorphosed 
sandstones  are  probably  also  to  be  included  in  the 
probable  also  that  arkoses  and  wackes,  produced  by  pa 
and  wash,  are  to  be  included.  Such  formations  may  h 
dant,  though  not  now  recognized,  for  after   they  are 

*  The  Archean  was  formerly  thought  to  be  composed  entirely  of 
igneous  rocks;  see  Bull.  86,  U.  S.  Geol.  Surv'.,  pp.  478-484,  and 
U.  S.  Geol.  Surv.,  Pt.  II,  pp.  747-756.  The  character  of  the  Arch 
these  publications  needs  some  modification  in  the  light  of  more 
The  sedimentary  character  of  parts  of  the  s)rstem  is  set  forth  in  th( 
XLV,  U.  S.  Geol.  Surv.,  pp.  129,  172-212;  21st  Ann.  Kept.,  U.  S.  G 
and  402-404;  Mono.  XXVIII,  U.  S.  Geol.  Surv-.,  pp.  186-188;  Am.  G 

1901,  pp.  14-19;   Jour.  Geol.,  Vol.  X,  p.  71;    Rept.  of  Bureau  of 

1902,  pp.  155-162;  Geol.  Surv.  of  Canada,  Vol.  Ill,  Pt.  I,  F,  18 
Sci.,  Vol.  50  (1895),  pp.  58-69.  Trans.  Roy.  Soc.  Canada,  1899  i 
reference  to  Canadian  localities,  the  rocks  now  classed  as  An 
described  under  the  name  of  Lower  Huronian. 
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it  is    difficult  to  distinguish  them  from  pyroclastic  rocka  and  their 
metamorphic  derivatives. 

At  a  later  stage  there  were  great  intrusions  of  molten  rock  into 
these  surface  formations,  breaking  them  up  and  distorting  and  meta- 
roorphoang  them  in  greater  or  less  degree.  It  is  not  probable  that 
the  process  of  intrusion  was  distinctly  separated  from  the  process  of 
werflow,  but  the  intrusions,  as  we  now  find  them,  must  have  been 


preceded  by  the  formation  of  the  rocks  into  which  they  were  intruded. 
To  a  phenomenal  extent,  the  intrusions  seem  to  have  taken  the  form 
of  mas^ve  batholiths,  so  that  when  the  overlying  rocks  were  cut  away 
by  «t>sion,  as  they  have  been  ^nce,  the  batholiths  came  to  occupy 
large  areas,  and  appear,  on  first  study,  to  constitute  a  great  formation 
by  themselves.  They  were  in  fact  so  interpreted  until  recently,  and 
seem  to  make  up  a  large  part  of  what  has  been  called  the  Laurentia 
formation. 
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It  is  not  improbable  that  the  Archean  is  really  d 
plicated  than  this  rather  simple  statement  implies, 
it  consists  of  a  much  more  extended  succession  of  forn 
indefinitely  downward,  a  succession  such  as  might 
during  the  processes  of  evolution  sketched  in  the  pi 
But  at  the  present  stage  of  investigation  it  is  perhaj 
a  general  view  to  recognize  two  great  classes  of  forma 
up  the  definable  Archean,  viz.,  (1)  a  great  schist  ser 
series,  and  (2)  a  great  granitoid  series  or  group  of  seri 

(1)  The  great  schist  series. — ^The  schists  of  this  serf 
morphosed  products  of  the  lava  flows,  volcanic  tuffs,  a 
sedimentaries.  The  transformation  involved  both  kat 
anamorphism;  i.e.,  the  lava-flows  were  mashed  down  ir 
structure  (metamorphism)  and  the  elastics,  while  al 
the  schistose  form,  were  built  up  molecularly  into  a  c 
ture  (anamorphism).  In  some  portions,  however,  the 
condition  of  the  lavas  is  retained.  In  composition  t) 
massive  igneous  rocks  vary  greatly,  but  since  the 
material  is  of  the  neutral  and  basic  types,  the  commor 
rocks  are  hornblende  schists,  greenstone  schists,  mi 
The  local  formations  of  the  Lake  Superior  region,  th 
the  Kitchi  schists,  the  Quinnissec  schists,  and  the  schists 
are  regarded  as  members  of  this  group.  How  far  these 
series  are  equivalent,  and  how  far  they  represent  succ© 
it  is  not  now  possible  to  say. 

(2)  The  great  granitoid  series  (Laurentian). — ^Amor 
spicuous  features  of  the  regions  of  Archean  rock,  in  thei 
condilion,  are  the  great  masses  of  granite  and  gneiss 
appear  as  enibossnionts  protruding  through  the  schists,  < 
rock,  over  gn^at  areas.  Like  the  schists,  they  are  i 
loss  by  later  intrusions.  Until  recently,  these  granii 
were  rather  commonly  regarded  as  the  oldest  known 
ing  to  this  view  they  constituted  a  basal  formation,  an 
''primitive"  or  ''fundamental."  The  granites  in 
once  quite  generally  regarded  as  i)ortions  of  the  origi 
sui)posed  molten  globe.  The  associated  gneisses  an 
rocks,  however,  were  sometimes  regarded  as  the  highly 
products  of  very  early  sedimentaries,  supi)osed  to  ha 
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from  the  original  crust  under  the  peculiar  conditions  of  a  very  hot, 
acid  atmosphere.  The  granites  and  gneisses  came  to  be  widely  known 
as  the  Laurentian  formation,  on  the  belief  that  they  constituted  a 
distinctive  basal  series;  but  it  is  now  known,  in  many  instances  at 
least,  that  they  are  intruaons  into  the  schist  series.  They  are  therefore 
younger  than  the  latter.  The  gneisses  are  now  r^arded,  in  the  main, 
IS  metamorphic  rocks  derived  from  granites  by  metamorphic  action 
which  mashed  the  massive  rock  down  into  the  foliated  condition. 

In  the  formation  of  both  the  surface  flows  and  the  intrusions,  the 
ascending  lavas  must  have  occupied  numerous  fissures  or  conduits 
connected  with  the  interior,  and  hence  there  came  to  be  numerous 
ffikes  and  other  forms  of  intrusions,  traversing  such  parts  of  the  Archean 
formation  as  had  already  been  formed.  It  is  also  to  be  borne  in  mind 
that  all  subsequent  igneous  action  required  passageways  for  the  lavas 
through  the  Archean,  and  that  they  also  gave  rise  to  traversing  dikes 
ukI  intrusions  of  later  date.  These  later  intrusions,  many  of  them 
called  Laurentian  by  Canadian  goolcgists,  arc  of  course  not  properly 
of  Archean  age,  but  they  are  not  always  separable,  and  their  presence 
i*lds  to  the  complexity  of  the  Archean  as  a  whole. 

Swwiiar  formations  not  Archean. —  To  avoid  misapprehension,  it 
is  to  be  obser\'eil  that  granitic  intrusions  are  not  confined  to  the  schist 
series  above  described.  There  are  granitic  embossments  associated 
with  younger  sj'stems  of  rocks;  but  it  appears  from  present  knowledge 
that  such  intrusions  are  much  more  local  and  incidental  than  in  the 
.\rchean  system,  where  they  are  so  dominant  as  to  constitute  a  leading 
and  distinctive  feature.  It  is  also  to  be  observed  that  there  are,  in 
^'arious  regions,  great  series  of  gneisses  and  schists,  ^vith  associated 
massive  crj^talline  rocks,  which  are  not  Archean  at  all,  but  meta- 
morphoeed  portions  of  later  formations. 

A  qiedal  characteristic  feature. — A  not  imcommon  feature  in  the 
American  Archean  is  a  series  of  numerous  thin  sheets  of  igneous  rock 
a  few  feet  or  a  few  yards  apart,  which  penetrate  the  gneisses  or  schists 
in  <iirections  more  or  less  parallel  to  their  foliation,  gi\'ing  rise  to  a 
roarw  interlea^'ing  of  later  igneous  and  earlier  foliated  rock.  This 
L-  ."SO  common  as  to  be  regarded  by  ^"an  Hise  as  characteristic  of  the 
.Vrrhean,  since  it  is  not  known  to  prevail  in  any  later  formation.  Thase 
interleaved  dike-sheets  are  commonly  truncated  at  their  junction  \vith 
the  ovCTljang   Proterozoic  formations,   which  shows   that   they  we' 
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formed  not  only  before  that  series,  but  before  the  erosi 
the  Archean  prior  to  the  deposition  of  the  base  of  the 

The  diastrophism  of  the  Archeozoic  era. — It  is  ] 
intrusion  of  the  great  granitic  masses  was  in  itself 
in  the  distortion  which  the  schist  series  sufifered,  t 
be  assumed  that  the  development  of  the  schistose  g 
bodies  of  massive  igneous  rock  was  effected  simply 
of  lavas.  Much  less  can  the  crushing  down  of  ex 
granite  into  gneiss  be  assigned  to  their  intrusion  in 
The  simplest  and  most  satisfactory  explanation  of  the 
structure,  of  the  interleaved  igneous  sheets  and  of  the 
to  be  that  previously  suggested  (p.  130),  which  refers  j 
chiefly  to  the  shearing  zone  between  the  outer  shell 
interior.  If  this  be  not  entertained,  some  help  towai 
is  tli(»  conception  that  the  extensive  introduction  of  1 
in  the  earlier  series  of  surface  formations,  resulting  in 
and  distortion,  would  leave  the  whole  in  a  conditi 
develop  extreme  irregularity  and  intricacy  of  str 
sufficient  diastrophism  was  brought  to  bear  upon  t 
these  conditions,  the  included  bosses  of  granitic  rock  \^ 
well  situated  for  the  development  of  the  concentric  g 
which  is  a  common  feature  of  the  Archean  system. 

In  still  another  way  (p.  117)  igneous  action  prob 
deformation  of  the  rocks.  The  transfer  of  so  mu 
below,  and  its  introduction  into  the  outer  parts  of  th 
lateral  pressure,  not  only  by  the  intrusion  and  by 
panying  it,  but  also  by  causing  the  outer  parts  to  se 
the  place  of  the  material  transferred  from  below.  '. 
lavas  spread  upon  the  surface  tended  to  the  same  c 
result  would  be  lateral  thrust  in  the  outer  parts  of  ti 
thrust  would  be  relieved  by  the  bending  and  crumj 
(Fig.  37),  and  by  shear.  Under  the  circumstances,  t' 
irregular  and  intimate.  Superposed  upon  this  were  tb 
distortion  which  were  operative  with  peculiar  inteiu 
stages  of  the  earth's  evolution,  as  previously  indicate* 

Hetamorphism. — ^That  the  rocks  should  haYe  u) 
dinary  metamorphism  under  the  oomfi*^"  ^ 

It  has  been  demonstrated  that  wV 
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haw  be«i  crushed  and  sheared  so  as  to  develop  a  foHated  or  schistose 
Mnicture.*  It  is  in  the  rocks  of  this  era  primarily  that  metamorphism 
ef  this  type  is  most  commonly  found.  This  is  now  regarded  as  having 
been  a  very  extensiTC  phenomenon,  the  larger  part  of  existing  gneisses, 


Fb-  37-  -  ^ 

Prom  a  Canadia 

af  well  as  a  considerable  {wrtion  of  existing  schists,  having  acquired 
thpir  foliated  structure  by  mashing  and  shearing.  It  is  not  to  be  over- 
looltpd,  howe^'er,  that  some  of  the  schists  and  perhaps  some  of  the 
peisses  aroee  from  clastic  formations  by  anamorphic  processes. 

DlSTRIBTJnOX  AND  IX)CAL  DeI'ELOPMENT. 

Genenl  distribution. — The  Axchean  is  the  one  accessible  rock 
j%-stem  which  is  theoretically  universal,  in  the  sense  that  it  underlies 

•  FL  Enunoiu,  Report  of  the  Midland  Counties  of  X.  C,  1856;  Lieber,  Swond 
.\iin.  RiT*.  on  the  Progrew  of  the  Sun-,  of  S.  C,  1858;  Ining,  Geol.  of  Wis.,  Vol.  I., 
pp.  340-61 ;  Adams.  F-  D.,  Kept,  of  the  Brit.  Assoc,  for  the  Adv.  of  S<-i.,  1886;  Wil- 
Ikms  iG.  H.l  Bull.  62.  V.  S.  Geol.  Sarw  and  Ptoc.  Am.  Assoc,  for  the  .\dv.  of  Sd., 
Mh  DiMtmg.  ISST;  wid  Van  Hue,  Sixteenth  Ann.  Rept..  U.  S.  Gcol.  Surv.,  Pt.  L 
ud  otbera. 
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the  whole  surface  of  the  globe.    No  later  system  does  tl 
the  Archean    comes  to  the  surface  all  later  formatioi 
and  some  of  them  are  absent  elsewhere.    In  speaking  o 
tion  of  a  formation,  it  is  generally  understood,  unless  < 
cated,  that  its  distribution  at  the  surface  is  meant,  and 
its  surface  distribution,  the   mantle  rock,  glacial  dril 
overlie  and    conceal  it  are  usually  ignored,  unless  the 
as   to    make   the   underlying   formation   indeterminabl 
surface  distribution  of  the  formation  is  given,  therefoi 
be  understood  that  the  formation  is  literally  at  the  surf; 
within  the  area  specified,  but  that  it  is  actually  exposed 
within  that  area,  and  that  between  the  points  of  exp 
uppermost  formation  beneath  the  mantle  rock.      In 
Archean  rocks  are  estimated  to  appear  at  the  surface  < 
fifth  of  the  area  of  the  land ;  but  since  much  of  Asia,  Af 
America,  and  the  less  accessible  portions  of  other  grand 
only  been  reconnoitered  geologically,  this  figure  has  on 
a  general  estimate. 

In  North  America,^  by  far  the  largest  area  of  At' 
in  Canada.  It  occupies  nearly  the  whole  of  the  Labr 
and  stretches  thence  in  a  broad  tract  southwestward 
the  Great  Lakes,  and  thence  northwesterly  to  the  Ar 
of  the  Mackenzie  valley.  This  general  statement  is  to 
observing  that  formations  of  the  Proterozoic  era  oc 
tracts  within  this  area,  and  that  many  of  them  have  not 
from  the  Archean.  A  few  small  areas  of  still  later  foj 
the  Archean  at  certain  points  within  this  tract,  but 
underlies  such  formations  at  no  great  depth,  the  ge 
made  above  is  not  seriously  incorrect.  This  Canadia 
likened  to  a  great  '^  V"  or  '^U"  with  its  apex  resting  or 

'  The  literature  on  the  Archean  (as  well  as  Algonkian  [Pro' 
America  was  summarized  by  Van  Hise  in  Bull.  86,  U.  S.  Geol.  S 
publication  gives  full  bibliography  to  its  date.  A  later  (1896)  ai 
of  the  same  subjects  by  the  same  author  was  published.  Pt.  II,  16t 
Geol.  Surv.,  pp.  744-843.  The  pre-Cambrian  literature  since  1 
marized  from  time  to  time  by  the  same  author,  and  by  Leith,  in 
as  follows:  Vol.  I,  pp.  304  and  532;  II,  pp.  109  and  444;  III,  pj 
pp.  362  and  744;  VI,  pp.  527,  739,  and  840;  VII,  pp.  190, 406,  702,  ai 
IX,  pp.  79  and  441;  and  XII,  pp.  63  and  161. 
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■;;_  js The  Tihile  ai^as  north  of  Mrxiro  ppprrwnt  exposures  of  Arrhpan  with  wm 

■:.-^"li;Te«:ntiai(^  Protfrowk';  the  whLlP  arcus  suurh  of  the  I'mlcd  Sinii-w  ri'|in'wt 
1»  is  M  ljiM>«l"lee;  the  liku'k  arcoK  mpri'sfiil  r-xposun's  ot  ProiPronoir,  whilp  If 
1  v-l  un-u-  rrivrc^vnl  Archtraii  nr  ProtPiozoic.  Iiropnth  hitiT  funiiurions.  'I'hi?  Wet 
-hj'lirm  alioiit  tbp  borders  of  the  land  rppn'«"nts  the  area  of  thn  rontinpiital  plulfon 
i..\>.ni|  tiv  H>a-uatcr,  or  what  is  the  eaiuc  Ihhig,  the  area  of  the  epicunttuenttxV  i4 
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and  its  arms  embracing  the  Hudson  Bay  basin,  but 
very  accurate.  The  distribution  may  be  seen  in  tr 
greater  detail  on  the  accompanying  map  (Fig.  38),  in 
areas  indicate  Archean  rock  at  the  surface,  the  black  \ 
rocks,  and  the  lined  areas  either  Archean  or  Proteroj 
lying  later  formations.  As  indicated  above,  the  Aj 
believed  to  underlie  all  later  formations  everywher 
areas  of  the  map  are  intended  to  represent  only  th( 
are  believed  to  have  constituted  a  part  of  the  cont 
and  not  improbably  were  exposed  at  some  time  as  b 
understood  that  this  map  is  no  more  than  a  rougl 
representative  of  the  present  stage  of  mapping  an 
Closely  related  to  this  great  Canadian  area  are  tracts 
Wisconsin,  in  Minnesota,  and  in  the  Adirondack  regi 
though  at  least  some  of  the  rocks  of  this  last  reg 
younger  (Proterozoic). 

Lying  rudely  parallel  to  the  great  Canadian  area 
is  a  broken  series  of  probably  Archean  tracts  extei 
foundland  to  Alabama.  Similarly,  on  the  southwc 
a  belt  of  detached  areas  stretching  from  New  Mexic 
few  places  within  these  belts  have  the  ancient  rocb 
great  detail. 

Greenland,  so  far  as  can  be  judged  from  its  k 
occupied  by  crystalline  rocks  of  probable  Archean  a 
may  be  said  of  large  tracts  imperfectly  known  on 
Baffin  bay. 

Partly  because  of  the  inherent  difficulties,  anc 
of  the  inaccessibility  of  a  large  part  of  this  great  Arc! 
detailed  work  has  as  yet  covered  but  a  small  part  o 
of  Lake  Superior  in  Canada,  Michigan,  Wisconsin 
(Fig.  39),  the  original  Huronian  area  north  of  Lake 
Ottawa  region  in  Ontario,  have  been  the  classic  area 

Local  development.^ — ^A  definite  conception  of  the  chara 
is  best  obtained  by  the  study  of  its  local  development  in 

'  In  addition  to  the  references  given  in  connection  with  the 
the  Archean  appears  on  the  maps  of  the  following  folios  of  tl 
AHzcma,  Globe  and  Bisbee;  Colorado^  Ten  Mile,  Anthracite-C 
Walscnburg,  and  Pike's  Peak;   District  of  Columbia,  Washington 
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hive  been  investigated  in  some  detail.  The  following  brief  statements  <-on- 
(erning  the  rocks  of  tbe  system  at  selected  points  may  be  supplemented  by  the 
study  of  the  original  treatises  referred  to. 

In  tbe  MarqvetU  region  of  northern  Michigan,  the  Archean  consists  of  (I) 
the  Ktewatin,  Mona,  and  Kitchi  schists  (metamorphosed  lavas  and  tufis),  with 


Kunmianand  Animikran.  KevrreDswu  Post-Algankian 

Fk.  39. — Map  of  the  Lake  Superior  i^on  showing  the  distribution  of  Archean, 
BmooiMi,  Animikean,  Keweenawan,  and  post-Proterozoic  formations.  (Van 
Hiae  ud  Leitfa,  V.  8.  Geol.  Surv.) 

«hirfi  are  associated  serpentines  and  dolomites  (both  derived  in  part  from  peri- 
dotitesl,  and  (21  the  Lauretitian,  gneissic  granite  and  more  or  less  syenite,  intru- 
«Te  in  tbe  schista.  These  rocks  are  affected  by  numerous  dikes  and  Iwsse.s  of 
iSabaae,  basalt,  and  granite.'  A  section  shoeing  the  relations  of  the  Archean 
to  tlK  Proterosoic  rocks  in  this  region  is  given  in  Fig.  40. 

In  the  Menominee  ngion,  a  little  farther  south,  the  Archean  consists  of  (I) 

Btr:  itanlma.  Fort  Benton,  Little  Belt,  Three  Forks,  and  Livingston;  North 
Care/ina- Tmneite*.  Ashe^^lle  and  Cranberry;  Tennessee-Norih  Carolina,  Greenville; 
Wfamiit^,  Abaandca  and  Yellowstone. 

'  Van  Hm,  15th  Aon.  Rept.,  U.  S.  Geol.  Surv.,  pp.  517-5S9,  and  Van  Hise,  Bay- 
W  and  Smyth,  Mono.  XXVTI,  U.  S.  Geol.  Sur^-. 
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Keewatin,  greenstone  schists  and  sphenilitic  greenstone,  cut  b 
diabase,  and  granite,  and  schistose  quartz-porphyry  (Quinn 


^m-'BM li  JM      iMiiMi -M^ate^ 


Fig.  40. — ^Figure  showing  the  structure  of  Archean  and  Huroniai 
locality  in  the  Marquette  region  of  northern  Michigan.  The 
are :  sy,  syenite,  and  ms,  Mona  schist.  The  Huroman  fonnati 
nard  quartzite;  AUc,  Kona  dolomite:  Alw,  Wewee  slate;  Al 
AU,  Siamo  slatejand  A  In,  Negaunee  formation  ^ron-bearing). 
3  miles.     (Van  Hise,  U.  S.  Geol.  Surv.) 

and  (2)  Laurenimn,  granites,  gneisses,  hornblende,  greenstone 
above.  The  lower  division  is  similar  to  the  schists  of  the  Mai 
represents  metamorphosed  igneous  rocks  of  diverse  origin  (flows 

In  the  Mesabi  distrut  of  northeastern  Minnesota  *  the  Arc 
cipally  of  various  greenish  rocks  (Keewatin),  including  dolerit< 
micaceous  and  chloritic  schists,  with  spherulitic  structures  eo 
massive  portions,  all  of  igneous  or  meta-igneous  origin.  Wi 
there  are  some  granites  and  porphvritic  rhyolites. 

In  the  Vermilion  district j^  the  Archean  consists  of  (1)  Keew 
stone,  and  the  Soudan  formation,  and  (2)  LawrerUian  grai 
altered  extrusive  rock  of  andesitic  and  basaltic  types.  I 
sphenditic  and  amygdaloidal  structures,  but  they  are  larg 
Soudan  formation  is  meta-sedimentary,  consisting  of  basal  co 
from  the  Ely  greenstone  below,  and  an  iron-bearing  portion 
consists  of  banded  white  chert,  red  jasper,  carbonate-bearii 
magnetite  schist,  magnetite,  pyrite,  and  hematite.  Iron  on 
Archean  is  extensively  mined  in  this  region.  The  original 
were  the  carbonate  and  the  silicate  (sedimentary).  Its  ck 
(chiefly  hematite),  and  its  concentration,  as  now  found,  w< 


Fig.  41. — Figure  showing  the  relations  of  the  Archean  and  Huroni 
in  the  Vermilion  district.  Archean  formations:  .^te,  Proteroi 
Ogishkee  conglomerate,  and  Prk,  Knife  Lake  slates.     Lengtl 

miles.     (Clements,  U.  8.  Geol.  Surv'.") 

queiitly  *  (see  Iron  Ores,  Chapter  TV),    The  granites  are  in 
greenstone  and  the  Soudan  formation.*     Figs.  41   and  42 

*  Van  Hise  and  Bayley,  Menominee  folio,  U.  S.  Greol.  Sur^^ 
XLVI,  I'.  S.  Geol.  Sur\'. 

^Leith,  Mono.  XLIII,  U.  S.  Geol.  Surv.;  WincheU,  Geol.  s 
of  Minn.,  Vol.  IV. 

'  Clements,  Mono.  XLV,  I'.  S.  Geol.  Surv\ 

<  Van  Hise,  21st  Ann.  Kept.,  U.  8.  Geol.  Surv.,  Pt.  IH. 

^I^ith,  Mono.  XLIII,  U.  S.  Geol.  Surv\;   Minn.  Geol.  Surv., 
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of  the  several  members  of  the  Archean  to  one  another  and  to  the  Proterozoic 
in  certain  parts  of  this  region. 

In  the  Rainy  Lake  and  Lake  of  the  Woods  districts  of  Canada,  the  Archean 
consists  of  (1)  Keevatin,^  metamorphosed  basalts,  diorites,  and  other  basic  igneous 


J,  -"^  j^  ^  —  j,^ 


Fig  42. — Figure  showing  the  relations  of  Archean  and  Huronian  formations  in  another 
locality  in  the  Vennihon  district  of  Minnesota.  Archean  formations:  Atgr,  Archean 
granite;  Ais,  Soudan  formation;  Aie^  Ely  greenstone.  Proterozoic  formations: 
Alo,  iJf^ahkee  conglomerate;  Alk,  Knife  Lake  slates.  Length  of  section,  about 
5  miles.     (Clements,  U.  S.  Geol.  Surv.) 

incks,  associated  with  narrow  bands  of  carbonaceous  slate  and  limestone,' 
(2^  Jjiurentian  granites  and  gneisses  intrusive  into  the  Keewatin. 

The  Archean  complex,  Keewatin  and  Laurentian,  is  also  found  on  the  north  shore 
of  Lake  Huron,  where  it  is  overlain  by  pre-Cambrian  rocks,  chiefly  sedimentary,* 
an«i  again  in  the  vicinity  of  Ottawa,  where  it  is  composed  mainly  of  granitoid 
gneiss  (Ottawa  gneiss).^  It  is  also  known  at  various  points  about  Hudson  bay,' 
and  between  it  and  the  Cambrian  formation  above  there  are  two,  and  in  some 
places  three,  great  series  of  clastic  rocks  separated  by  unconformities.  Through- 
out all  this  northern  region  the  relations  of  the  Archean  to  other  formations 
ire  usually  intricate. 

The  Archean  in  the  great  southeastern  belt  has  been  studied  in  detail  in  a 
few  localities.  In  the  vicinity  of  Washington,"  D.  C,  the  rocks  classed  as  Archean 
include  gneisses,  schists,  granite-gneisses,  diorites  and  meta-diorites,  gabbros 
mkI  meta-gabbros,  soapstone  (altered  peridotite  and  pyroxenite)  and  granite. 
Something  of  their  relations  is  sho^s-n  in  Fig.  43.  In  an  area  of  western  North 
Candina  ^  where  the  rocks  have  been  carefully  studied,  the  Archean  is  di\nded 
into  five  or  six  formations,  made  up  mostly  of  gneisses  and  schists  (Fig.  44), 


I,  Geol.  Surv.  of  Canada,  Vol.  Ill,  R.  I,  F,  1887-8,  pp.  99,  100,  and  105. 
L*iwer  Keewatin  — Ely  greenstone  and  Soudan  formation  of  the  Vermilion  region. 

'Coleman,  Bull.  Geol.  Soc.  Am.,  Vol.  IX,  p.  224.  Coleman  considers  the  Lower 
Kff'watin  to  correspond  to  the  Lower  Huronian  (  =  Huronian  of  this  Vol.),  Rept. 
<. Ontario  Bureau  of  Mines,  1900,  p.  186. 

'  Logan,  Rept.  of  Progress  of  the  Geol.  Surv.  of  Canada  from  its  commencement 
!r,  1S63.  Bull.  86  and  2l8t  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Ft.  II.  Full  bibliography 
civfn  in  Bull.  86.  up  to  1892.    The  18,000  feet  probably  includes  some  Keewatin. 

•This  is  the  original  Laurentian  area.  The  rocks  were  formerly  knoT^Ti  as  the 
Lowf-r  Laurentian.    Logan,  Rept.  of  Geol.  Surv.  of  Canada,  for  1845-46,  pp.  40-5L 

'  See  reports  of  Geol.  Surv.  of  Canada. 

•See  references  in  Bull.  86,  U.  S.  Geol.  Sur\'.;  and  Keith,  Wcoshington  (D.  C.) 
folio,  r.  S.  Geol.  Surv. 

^  Keith,  Cranberry  (X.  C.-Tenn.)  folio,  U.  S.  Geol.  Surv\ 
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Some  members  of  the  series  are  clearly  intrusive  in  others,  and  therefore  younger. 
The  older  members  show  profound  metamorphism.  In  the  older  formations  a 
firet  dynamic  movement  developed  foliation  in  rocks  which  were  originally 
ifmeous,  while  a  second  folded  the  planes  of  foliation.  Two  profound  meta- 
morphic  movements  are  thus  recorded. 

The  Archean  of  the  great  western  belt  has  similar  characters.  In  the  Grand 
Canyon  of  the  Colorado,  in  northern  Arizona,  the  same  types  of  rock  (the  Vishnu 
terrane  *)  are  exposed.  They  are  separated  from  the  Cambrian  by  the  Grand 
Canyon  system,'  itself  divisible  into  two  series  by  an  unconformity,'  the  upper 
being  unconformable  below  the  Cambrian. 

The  relations  of  the  Archean  at  various  other  points  in  the  west  are 
ill  u>t rated  by  Figs.  45  to  48. 

The  structure  of  the  Archean  system  is  usually  more  complex  than 
would  be  inferred  from  any  brief  descriptions,  such  as  those  given 


Fig.  45. — Section  showing  the  relations  of  the  Archean  to  other  formations  near  Fort 
Benton,  Montana.  Aign,  Archean  gneiss;  €,  Cambrian;  Z),  Devonian;  C,  Car- 
boniferous; J,  Jurassic;  X,  Cretaceous;  6p,  Barker  porphyr}-.  Length  of  section, 
about  21  miles.     (Weed,  U.  S.  Geol.  Sur\'.) 

above.     It  would  indeed  be  difficult  to  obtain  an  exaggerated  idea 
of  the  complexity  of  the  relations  of  the  various  sorts  of  rock  which 


Fig  46. — Section  showing  the  relation  of  Archean  to  younger  formations  near  Liv- 
inir^on,  Montana.  Al^  Archean;  C,  Cambrian  (Gallatin  limestone);  /),  De- 
vonian (Three  Forks  shale  and  Jefferson  limestone);  C,  Carboniferous  (Madison 
lim««tone  and  Quadrant  quartzite);  J,  Jurassic  (Ellis  formation);  Kd,  Kc,  Km, 
KL  and  Kir,  Cretaceous  (Dakota,  Colorado,  Montana,  Laramie,  and  Livingston, 
r^pectively).     Length  of  section,  11  miles.     (Weed,  U.  S.  Geol.  Surv.) 

have  caused  this  sj-stem  to  be  called  variously  the  "Archean  com- 
plf^x,"  the  "basement  complex,"  the  ''fundamental  complex,"  etc. 

•  Van  Hise.  Bull.  86.  U.  S.  Geol.  Surv.;  and  Walcott,  14th  Ann.  Rept.,  U.  S.  Geol. 
Sun..  Pi.  11,  p.  506. 

•  Powdl.  U.  S.  Geol.  Surv.,  and  Geog.  Surv.  of  the  Territories;  Rept.  on  the  Geology 
of  the  Eastern  Portion  of  the  Uinta  Mountains,  1876,  p.  70. 

>  Walrott,  14th  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  II,  p.  506.  The  Vishnu  of  Wal- 
<^Jtt  appears  to  be  Archean,  leaving  only  the  Unkar  and  the  Chuar  di\isions  of  the 
Gnnd  Can  von  serieB  between  the  Archean  and  the  Cambrian. 


By  way  of  summary  it  may  be  said  that  the  system 
places  of  rocks  which  are  mainly  massive  (igneous); 


Pig.  47. — Section  showing  the  relations  of  Archean  to  younger 
Crested  Butte  re^on  of  Colorado.  Ji.  Archean;  C  Cambria 
ite);  0,  Ordovician  (Vule  limestone);  M,  Missisaippian  (L 
Cm  and  Cm,  Carboniferous  (Weber  and  Maroon  formations,  re 
rasMC  (Gunnison  formation);  Kd.  Kb,  Kn,  and  Km,  Cretaceoi 
Niobrara,  and  Montana,  respectively);  Erh,  Eocene  rhyoUte. 
6  miles.     (Eldridge,  U.  S,  Geol,  Siirv.) 

of  rocks  which  are  mainly  gneissic  (chiefly  meta-ig 
still  others,  of  rocks  (largely  meta-igneous  and  subo 
sedimentary)  in  which  a  schistose  structure  predominates 
the  rocks  of  each  of  these  structural  types  have  a  wid 
position,  from  acid  on  the  one  hand  to  basic  on  th^ 
of  all  these  classes  are  often  intimately  associated,  and  a 
dominate  over  the  others  to  varying  extents.  In  some 
of  these  several  structural  types  graduate  into  one  anott 
as  to  leave  no  line  of  separation,  wliile  in  others  th 
sharp.  Thus  massive  rock  sometimes  appears  in  wi 
which  cut  the  gneisses  and  schists  at  any  angle,  while  O] 
schists  are  frequently  m  dike  like  sheets  in  rocks  whic) 
si\e  In  the  first  of  these  ci&es  the  gneissic  or  schis 
incloses  the  dikes  of  masbive  rock  probably  sufi^ered 
before  the  mtrusion  of  the  latter    which  h^s  never  hi 


Tig  48  — Sect  on  si  ov,  ng  tl  e  relation  of  tl  e  Arcl  ean  to  jounce 
Ten  M  le  district  of  Colorado  fi  \rchean  C  Carbomt 
c  1  Elk  Aloimtain  porphvrj  Length  of  sect  on  4  m  les 
Ceol   8ur>  ) 

the  second    the  inclo'^mg  rock  wis  not    metamorph 
mtrusion    and  m  the  changes  of  subsequent  tune  th 
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was  the  more  altered.  Furthermore,  the  relations  of  these  several 
sorts  of  rock  have  been  enormously  complicated  by  the  distortion  to 
which  they  have  been  subject.  The  structure  and  relations  of  the 
several  sorts  of  rock  in  the  system  indicate  that  it  was  (1)  by  successive 
intrusions,  large  and  small,  of  rocks  of  different  chemical  composition, 
into  (2)  still  older  rocks  which  were  originally  (a)  chiefly  extrusive- 
igneous  and  of  varying  chemical  composition,  but  (6)  subordinately 
sedimentary,  and  (3)  by  successive  djTiamic  movements  resulting  in 
various  d^rees  of  metamorphism  and  deformation  of  the  various  parts, 
that  the  intricate  structure  and  composition  of  the  Archean  complex 
was  attained. 

WTiile,  therefore,  the  variations  in  the  rock  of  the  Archean  complex 
are  great,  there  is,  nevertheless,  a  certain  homogeneity  in  the  heterogene- 
ity of  the  whole.    No  one  considerable  part  of  the  sj'stem  is  very  different 
from  any  other  considerable  part,  and  no  definite  and  orderly  relationship 
betiiTen  the  different  parts  has  been  made  out  over  any  considerable 
area.     There  appears  to  be  no  traceable  succession  of  beds,  and  no 
definite  stratigraphic  sequence,  such  as  can  be  made  out  in  great  series 
of  meta-sedimentarj'  rocks,  however  much  folded  and  metamorphosed. 
So  similar  are  the  rocks  of  the  Archean  throughout  the  various  areas 
where  the  sjrstem  occurs,  that  a  suite  of  unlabeled  specimens  from  one 
region  could  hardly  be  asserted  not  to  have  come  from  any  other.^ 
This  striking  similarity  affects  not  only  the  general  features  of  the 
rocks  concerned,  but  also  many  of  the  details  of  their  structure  and 
composition.     The  minerals  of  which  they  are   composed  everywhere 
(broadly  considered)  give  evidence  of  having  been  subject  to  great 
d\Tiamic  action.    They  are  often  broken  and  distorted,  and  microscopic 
studv  reveals  the  effects  of  dMiamic  action  in  manv  cases  where  it  is 

.  V  V 

n<^»t  visible  to  the  unaided  eye.  The  mineralogical  and  chemical  con- 
v^titution  of  the  series,  taken  as  a  whole,  appear  to  be  essentially  con- 
stant, in  the  sense  that  the  variations  in  any  one  area  are  very  much 
the  same  as  those  in  any  other. 

Bearing  of  the  Archean  on  the  theory  of  the  origin  of  the  earth. — 
If  any  accessible  system  of  rocks  can  be  made  to  throw  light  on  the 
origin  and  early  history  of  the  earth,  it  is  the  Archean.  With  the 
e«%iiential  facts  concerning  the  constitution  and  structure  of  the  system 
in  mind,  it  is  in  order  to  inquire  to  what  hypothesis  of  the  earth's  origin 

*  Van  Hiae.  Bull.  86,  U.  S.  Geol.  Surv.,  p.  476. 
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they  best  adjust  themselves.  The  constitution  of  the 
it  clear  that  it  does  not  represent  the  original  crust  of  t 
downward  extension.  It  cannot  be  affirmed,  however, 
of  what  is  now  classed  as  Archean  is  referable  to  the 
that  is,  it  cannot  be  affirmed  that  no  part  of  the  igneous  c 
rock  of  the  Archean  is  referable  to  an  azoic  or  pre-zoic 
as  the  evidence  against  such  reference  may  seem.  On  t 
all  the  facts  now  known  concerning  the  Archean  adj 
to  the  planetesimal  hjrpothesis,  or  to  the  modified  fom 
molten  hypothesis.  They  cannot,  however,  be  said  to  € 
or  to  preclude  other  hypotheses  of  the  origin  of  the  earth, 
of  the  origin  of  the  Archean  must,  therefore,  still  be  : 
open  one.  According  to  the  planetesimal  hypothesis 
is  looked  upon  as  representing  the  time  of  transition  fi 
Formative  eon  to  the  later  Gradational  eon  (p.  119). 
the  modified  form  of  the  gaseo-molten  hypothesis,  it 
formations  of  the  volcanic  era  which  followed  the  foi 
original  crust. 

Earlier  Views  Concerning  the  Archean. 

In  explanation  of  the  Archean  system,  many  differ 
have  been  suggested  at  one  time  and  another,  most  of 
with  the  Laplacian  hypothesis  as  a  beginning.  Some  of 
ses  have  at  least  a  historic  interest.  One  is  that  the  An 
completely  metamorphosed  sediments;  a  second,  that  tl 
rocks  produced  by  the  fusion  of  sediments;  and  a  thirc 
igneous  rocks  intruded  beneath  the  oldest  known  sed 
after  the  deposition  of  the  latter. 

1.  The  hypothesis  that  the  Archean  rocks  are  ] 
sediments  was  originally  based  on  the  assumption  that 
gneissic  structure  were  an  expression  of  stratification 
everything  which  resembles  stratification  is  really  sue 
this  view  obtained,  it  was  natural  that  the  gneisses  and 
be  regarded  as  of  sedimentary  origin;  but  since  it  is  n 
such  structures  may  be  developed  in  sedimentary  rod 
of  stratification,  and  in  igneous  rocks  as  well,  the  arg 
^orce. 

If  the  Archean  rocks  are  primarily  metamorphose 
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would  seem  that  there  should  be  somewhat  wide-spread  evidence  of  the 
fact  in  the  structure  of  the  system.  So  thick  a  series  of  sediments 
would  surely  have  been  made  up  of  layers  of  varying  physical  and 
chemical  composition.  From  such  a  series,  no  matter  how  completely 
inetamorphosed,  it  is  not  probable  that  the  original  distinctions  of  con- 
stitution would  have  been  generally  obUterated;  but  in  most  of  the 
Archean,  no  such  succession  of  strata  as  would  be  expected  if  the  rocks 
were  dominantly  meta-sedimentary  exists.  This  point  has  special 
force  when  it  is  remembered  that  it  holds  not  for  one  region  only,  but 
for  each  of  the  many  regions,  some  of  them  of  great  extent,  where  the 
Archean  rocks  have  been  studied.  It  would  appear  that  such  effective 
and  wide-spread  obliteration  of  the  characteristics  of  sedimentary  rocks 
could  only  have  been  brought  about  by  their  fusion;  and  in  this  case 
the  product,  on  solidifying,  should  no  longer  be  regarded  as  metamorphic 
rock,  but  as  igneous  rock  instead. 

A  special  phase  of  this  hypothesis  makes  the  Archean  the  altered 
pro<luct  of  a  chemical  precipitate  from  the  original  ocean.  This 
hj-pothesis  never  met  with  general  favor,  and  has  rarely  been  seri- 
ously entertained.^ 

2.  A  second  hypothesis  which  has  been  advanced  is  that  the  Archean, 
at  least  locally,  consists  of  igneous  rock  produced  by  the  fusion  of 
deeply  buried  sediments.^  If  this  h)rpothesis  were  true,  the  igneous 
rocks  produced  by  the  fusion  of  sediments  should  grade  up  into  sedi- 
mentary rocks  above;  they  should  not  be  separated  from  them,  as 
they  generally  are,  by  an  erosion  unconformity.  Otherwise  it  would 
be  necessary  to  suppose  that  the  lower  igneous  series  was  fused  long 
before  the  upper  series  was  deposited,  and  that  the  beds  which  originally 
overlay  the  igneous  series,  and  which  were  not  fused,  were  subsequently 
removed  by  erosion  before  the  deposition  of  the  existing  superior, 
unconformable,  sedimentary  series.  While  this  sequence  of  events 
roulil  not  be  disproved  for  certain  localities,  it  is  not  probable  that 
it  represents  the  general  history  of  most  regions  where  the  Archean 
r»ccurs. 

3.  A  third  hypothesis  is  that  the  Archean  represents  igneous  rock 

*  Hunt,  The  Taconic  Question  in  Geology  and  the  Origin  of  Crystalline  Rocks 
Trans.  Roy.  See.  Canada,  Vols.  1  and  II.     The  untenability  of  this  hypothesis  was 
shown  by  Irving,  7th  Ann.  Rept.  U.  S.  Greol.  Surv'.,  p.  383. 

'  LawvoQ,  Ann.  Rept.  Canadian  Geol.  Surv-.,  1887. 
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intruded  beneath  the  sedimentaxies  after  the  deposition 
and  that  they  were  brought  into  their  present  litholog 
by  metamorphism  subsequent  to  their  irruption.  Th 
is  distinct  from  the  last  in  that  it  involves  the  intrusion  < 
rock,  rather  than  its  formation  in  situ,  and  in  that  it  do 
that  the  source  of  the  lavas  was  sedimentary  rock.  It  i 
ceding  in  that  it  makes  the  Archean  a  meta-igneous  i 
the  sedimentary  rocks  overlying  the  Archean  do  not,  as 
the  contact  metamorphism  wliich  this  hypothesis  demai 
the  imconformity  between  the  two  series  is  generally  an 
of  erosion,  not  of  irruption,  the  hypothesis  fails  to  expl 
Furthermore,  the  hypothesis,  as  a  general  explanation  of 
is  an  audacious  one,  for  it  supposes  that  igneous  intrusic 
in  at  the  base  of  the  known  sedimentary  series,  not  in  o 
but  generally  where  the  base  is  accessible,  thus  commoi 
the  floor  on  which  the  oldest  sediments  were  depositee 
an  assumption  makes  the  hypothesis  based  upon  it  impi 

Though  the  hypothesis  can  hardly  be  accepted  as  a  ge 
tion  of  the  Archean,  it  does  not  follow  that  the  oldes 
rocks  nowhere  rest,  with  irruptive  imconformity,  on  igi 

The  Archean  in  other  countries. — ^The  general  c 
relations  of  the  Archean  complex  already  given  for  > 
seem  to  be  duplicated  in  other  continents.  Correspond 
rocks,  made  up  primarily  of  meta-igneous,  but  subordir 
tricably  involved  meta-sedimentary  rocks,  are  known  in 
The  general  characteristics  and  relations  of  the  Archean 
in  North  America,  therefore  appear  to  be  essentially  w 

In  Great  Britain,  the  Lewisian  gneiss  appears  to  cc 
the  Archean  of  North  America.  This  formation  was  d 
chanical  deformation  from  a  complex  aggregate  of  eru 
different  ages,  and  in  one  area  there  appears  to  be  a  groi 
ancient  sedimentary  rocks  through  which  the  gneiss  wi 

In  Norway,  coarse-banded  gneisses  (Gnmdfjeldet,  I 
a  wider  petrographic  range  than  the  Lewisian  gneiss  of 
are  regarded  as  Archean.  The  gneisses  seem  to  have  o 
acidic  and  basic  eruptive  rocks.    With  the  gneiss  is  assc 

*  For  review  of  this  hypothesis,  see  Van  Hise,  Bull.  86,  U.  S.  G 
2  Geikie's  Text-book  of  Geology,  4th  ed..  Vol.  II,  p.  888. 
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§Toup  of  rocks  of  mete-sedimentary  origin  affected  by  dikes  and  sills 
of  igneous  and  meta-igneous  rocks.^ 

The  Archean  rocks  of  Sweden  2  and  Finland,^  as  now  interpreted, 
are  similar  to  those  of  Norway.  They  consist  of  meta-igneous  and 
meta-sedimentary  rocks,  among  which  is  limestone,  together  with 
some  igneous  rocks  not  notably  metamorphosed. 

In  France,  the  Archean  is  composed  chiefly  of  gneisses  and  schists 
of  various  types,  chiefly  or  wholly  meta-igneous  * 

In  Bavaria,  the  rocks  classed  as  Archean  consist  of  gneiss  (Bojan) 
mnarkable  for  its  imifomiity,  and  of  schists  and  gneisses  (Hercynian) 
which  include  meta-sedimentary  beds,  among  which  is  graphitic  lime- 
stone.* 

In  Spain,  gneisses  and  schists  which  include  some  limestone  beds 
^OpoIlino=  limestone  with  scales  of  mica,  tele,  etc.)  are  commonly 
classed  as  Archean.^ 

Similar  rocks  r^arded  as  Archean  occur  in  India  ^  (Bunkelkund 
pieisp);  in  northern  China,®  where  the  Archean  has  not  been  clearly 
ififferentiated ;  perhaps  in  Japan;®  in  Australia,^^  where  gneisses, 
schists,  and  meta-sedimentary  beds  classed  as  Archean  lie  at  the  surface, 
over  an  area  some  20,000  square  miles  in  extent;  in  Tasmania;  ^^  and  in 
Xew  Zealand. *2 

Life  during  the  Archeozoic  era. — The  presence  of  carbonaceous  ma- 
terial, of  bedded  iron  ores  that  were  once  carbonates,  of  cherts,  and 

*  Reusch,  Die  Fossilfuhrenden  krystallinischen  Schiefer  von  Bergen,  1883,  and 
Neoes  Jahrfouch  (Beilage-band),  1887. 

*Tonieb5hm  papers  in  Greol.  Foren,  Stockholm;  in  Handl.  Akad.  Stockholm, 
V..L  XXMII,  1896;    and  in  reports  of  the  Sverig.  Geol.  Undersokn. 

■  Sederhdm,  Bull.  Com.  Greol.  Finlande,  1899;  also  same  author's  papers  in  Tscher- 
m^'s  Mttthdl.,  Vol.  XXII,  1891;  Fenia,  Vol.  VIII,  1893;  Geol.  Foren,  Stockholm, 
XIX,  I>i97. 

*  De  Lapparent,  Traits  de  Gdologie. 

*GumM,  Geognostische  Beschreibung  des  Oberbayenschen  Grundgebirges,  Gotlia, 
ls6K.    Cited  by  Geikie,  Vol.  II,  p.  801. 

*  De  Lapparent,  Op.  cit. 

^  Medlicott  and  Blanford,  Manual  of  Geology  of  India. 

*  Von  Richthofcn,  China,  Vol.  11. 

*  K.'Ko,  Joor.  Coll.  Sci.,  Imp.  Univ.  of  Tokyo,  Vol.  V,  1893,  Pt.  III. 
'•  David,  Piroc.  Linn.  Soc.  N.  S.  Wales.  Vol.  VIII,  1894. 

-'*  Johnston,  Geology  of  Tasmania,  1888. 

-*  Hector,  Handbook  of  Xew  Zealand,  1883;  Haast,  Geology  of  Canterbury;  and 
Button.  GecJogy  of  Tago. 
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Cenozoic, 


probably  of  limestones,  implies  the  presence  of  life 
occupied  in  the  formation  of  the  Archean  rocks.    Since 
been  found,  nothing  is  positively  known  of  the  chara^ 
and  Uttle,  except  by  inference,  of  its  abimdance. 

Duration  of  the  Archeozoic  era. — Of  the  duration  of 
era  nothing  can  be  said  beyond  the  general  statement  t 
great,  and  this  conclusion  is  independent  of  any  partic 
of  the  earth's  origin.  If  the  planetesimal  hj^othesis  t 
there  is  no  readily  assignable  lower  Umit  to  the  Archeoz 
the  duration  of  the  Archeozoic  era  may  exceed  that  ol 
time. 

For  convenience  of  future  reference,  a  table  of  th( 
logic  time-divisions  is  here  added: 

General  Table  of  Geologic  Time  Divisions. 

'  Present. 
Pleistocene. 
Pliocene. 
Miocene. 
Oligocene. 
Eocene. 

Transition  (Arapahoe  and  Denver). 

Upper  Cretaceous. 

Lower  Cretaceous  (Comanche  or  Shastan). 
Jurassic. 
.  Triassic. 

Permian. 

Coal  Measures,  or  Pennsylvanian. 

Subcarboniferous,  or  Mississippian. 

Devonian. 

Silurian. 

Ordovician. 

Cambrian. 

Great  Unconformity. 

Keweenawan. 

Unconformity. 

Animikean.     (Upper  Huronian  of  some  autl 

Unconformity. 

Huronian.     (See  p.  161.) 

Great  Unconformity. 

'  Great  Granitoid  Series. 

(Intrusive  in  the  mai 

Great  Schist  Series. 

(Mona,     Kitchi,     K 

sec;     Lower     Hu] 

authors. 


Mesozoic. 


Paleozoic, 


Proterozoic. 


Archeozoic, 


Archean  Complex. 


Huronian. 
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The  following  classification  of  the  pre-Cambrian  has  recently  been  proposed 
br  a  Committee  of  the  United  States  and  Canadian  Geological  Surveys 
appointed  to  consider  the  question : 

Cambrian — ^Upper  sandstones,  etc.,  of  Lake  Superior. 
UnconlormUy. 

PttS-CAMBRIAN. 

Keweeoawan  (Nipigon). 
UnconlcrmUy. 

Upper  (Animikie). 

Unconformity. 
Middle. 

UnconJcrmUy. 
,  Lower. 
UnconlormUy, 
Keewatin. 
Eruptive  coniael. 
Laurentian. 
The   Lower  and  Middle  Huronian  of  this  table,*  taken  together,  correspond 
to  the  Huronian  of  the  table  above.    This  classification  was  published  after 
tht*  chapter  was  in  the  hands  of  the  printer,  and  has  therefore  not  received,  in 
thn  j»ages  which  follow,  the  consideration  to  which  its  history  entitles  it.     It 
will  lie  noted  that  its  principal  departure  from  the  preceding  classification  lies  in 
xbc  threefold,  instead  of  twofold,  division  of  the  rocks  between  the  Archean 
U-low,  and  the  Keweenawan  above. 

»  Jour,  of  GeoL,  Vol.  XIII,  p.  104. 


CHAPTER  IV. 

THE    PROTEROZOIC    ERA. 

To  the  Proterozoic  ^  era  is  assigned  the  time  between 
formation  of  the  igneous  complex  just  described,  and  tl 
the  lowest  system  which  is  now  known  to  contain  abui 
served  fossils;  or  in  other  words,  the  time  between  tl 
Archean  and  the  beginning  of  the  Paleozoic.  During  t 
era  several  great  series  of  sedimentary  formations, 
with  one  another,  were  formed  (p.  160).  These  sedi 
were  rather  freely  interlarded  with  igneous  sheets,  some 
intruded  as  sills,  and  some  spread  upon  the  surface  w 
beds  were  being  formed.  It  was  therefore  a  time  when  i| 
was  still  rather  pronounced,  though  by  no  means  so  c 
dominant  as  in  Archean  times.  Sedimentation  had  b 
first  time,  the  leading  process  in  the  formation  of  the  ge- 

In  contrast  with  the  Archeozoic,  the  dominant  feati: 
and  the  feature  which  was  really  most  significant  in  the 
earth,  was  the  effectiveness  of  the  weathering  process 
hydro-atmospheric  work  upon  the  land  which  fumishe 
for  sedimentation.  These  processes  were  really  more  i 
the  sedimentation,  because  they  were  prerequisites  U 
turn,  were  dependent  on  the  deformations  of  the  body  of 
gave  the  topographic  conditions  necessary  for  erosion, 
pheric  and  thermal  conditions.  The  sedimentary  c 
era,  however,  constitute  the  main  part  of  its  record,  anc 
pal  subject  of  geologic  investigation. 

The  Proterozoic  rocks  include  the  first  great  series 
imply  mature  weathering,  and  the  prolonged  and  contir 
in  the  sea  of  weathered  material  derived  from  the  adjac 

*  Proterozoic,  as  here  used,  is  a  synonym  for  Algonkian  asused 
Surv. 
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im[x>rt&nt  to  emphasize  the  inauguration  of  the  reign  of  these  processes, 
for  they  have  been  the  dominant  ones  ever  since.  It  is  not  to  be  over- 
looked, however,  that  the  vulcanism  which  had  predominated  in  the 
.\rchean  era  was  still  a  factor,  though  a  declining  one.  Locally  it  still 
matle  larger  contributions  than  seilimentation  to  the  formations  of 
the  era,  and  such  has  been  its  habit  in  all  later  times.  But,  taken  as  a 
whole,  Proterozoic  times,  as  the  descriptions  of  the  formations  will  show, 
were  marked  by  more  igneous  activity  than  the  Paleozoic,  Mesozoic, 
or  Cenozoic  eras  that  follow,  and  the  Proterozoic  may  therefore  be 
regarded  as  a  transition-time  between  the  pi'ofoundly  igneous  era  that 
preceded,  and  the  markedly  setlimentary  eras  that  followed. 

StratigrajAic  Relations  of  Ihe  Proterozoic  Rocks. 
The  Proterozoic  series  are  generally  separated  from  the  Archean 
below  and  from  the  Paleozoic  above  by  unconformities  {Vol.  I,  p.  18). 
Unconformities  varj'  greatly  in  extent  and  significance.  Great  uncon- 
formities usually  involve  three  elements:  First,  a  change  of  attitude 
in  the  low^r  formation,  as  the  result  of  which  it  is  subject  to  erosion; 
second,  a  perioii  of  erosion  during  which  its  upper  part  is  truncated; 
an<l  third,  another  change  resulting  in  the  deposition  of  the  upper 
aeries  on    the  eroded  surface    (Figs.  49  and  50).    In  some  cases  the 


Fii;  49. — IJiagram  shoning  .\rchean  land  <  /R)  witli  sedimcntiilifni,  n,  along  its  bor- 
dn^.  The  coarser  sediments  are  being  deposited  near  tlie  sliurc;  the  finer,  farther 
(nm  it.     (Compare  Fig.  50.) 

uncoofonmty  may  be  due,  theoretically,  to  a  withdrawal  and  return 
of  the  sea,  or  to  a  lifting  and  subsidence  of  the  land,  or  to  both  acting 
in  cooperation.  But  if  the  beds  below  the  imconformity  arc  deformod, 
it  is  obvious  that  more  than  mere  change  of  level  was  iiivohcd.  In 
most  cases  the  unconformity  between  the  Archean  and  the  Proterozoic 
i:\-ittems  indicates  that  the  former  was  notably  deformed,  and  after- 
wards subjected  to  prolonged  erosion,  before  the  deposition  of  the  latte' 
It  is  usually  an  invasion  of  the  sea  which  furnishes  the  conditions 
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deposition,  particularly  where  the  deposits  form  a  wic 
thick  series;  but  this  is  not  necessarily  the  case,  for  I 
take  place  in  interior  basins  and  on  low  gradation-pla 
systems  as  the  Proterozoic,  where  fossils  are  geoerall 
cannot  be  asserted  that  the  sea  was  involved,  though  th 
favor  a  marine  origin  for  most  of  the  sediments. 

Though  the  Proterozoic  rocks  are  generally  unconfo 
Archean,  unconformity  between  the  two  systems  canm 
to  exist  at  every  point  where  their  contact  has  been  see 
ever,  so  general  as  to  show  that  wide-spread  changes  of  i 
ably  warpings  of  the  crust)  took  place  after  the  fon 
Archean,  and  before  the  formation  of  the  known  Protf 
lapses  of  time  were  doubtless  involved  in  these  chang 
history  of  the   interval  recorded  by  the  unconformity 


Fra.  30. — Diagram  representing  the  same  region  as  Fig.  49,  after  subt 
this  figure  corresponds  to  a  of  Fig.  49.  It  is  to  be  noted  tt 
o^'e^lic  the  coarse  sediments  deposited  at  an  earlier  time  in  thi 
of  tlie  figure. 

more  than  conjectural  knowledge.  It  is  clear,  howevi 
unconformity  exists,  the  Proterozoic  beds  above  the 
arc  not  the  oldest  sedimentary  beds  derived  from  thi 
the  material  removed  from  the  eroded  Archean  surface 
somewhere,  and  tliat  before  the  beds  immediately  at 
of  unconformity  were  laid  down. 

Wliile  unconformity  between  the  Archean  and  t 
is  tlie  rule,  so  far  as  their  contacts  are  known,  it  shoul< 
sucli  unconformity  is  presumably  not  universal.  There 
jjlaccs,  even  on  the  land-areas,  where  the  surface  of  tl 
not  MulTer  notable  erosion  before  the  deposition  of  Proter 
upon  it,  and  there  were  quite  certainly  such  places  in 
tinutmsly  oovorctl  by  the  sea.  Relations  of  conformit 
two  Nvstems  may  tliercfore  e.\ist  over  great  areas  whei 
is  not  exposed,  and  ix'r!ia])a  in  some  places  where  it  : 
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A  sequence  of  events  which  might  have  given  rise  to  the  unconform- 
able relations  of  the  Archean  and  the  Proterozoic,  where  seen,  is  illus- 
trated by  Figs.  49  and  50.  Fig.  49  represents  an  area  of  land  composed 
of  Archean  rock  in  such  a  position  as  to  suffer  erosion.  The  sedi- 
ments derived  from  it  are  washed  down  to  the  sea  and  deposited  in  its 
waters  (a).  In  Fig.  50,  the  land  of  the  preceding  figure  is  represented 
as  ha\dng  sunk  so  as  to  be  partially  submerged.  A  part  of  the  sediments 
washed  down  from  the  remaining  land  are  being  deposited  on  the  sur- 
face which  formerly  suffered  erosion.  These  sediments  (Al,  Fig.  50) 
overlie  those  deposited  at  the  earlier  stage.  The  latter  (a)  are  the 
older,  though  the  former  may  be  the  oldest  now  accessible. 

Subdmsions, 

No  classification  of  the  formations  of  the  Proterozoic  era  has  been 
widely  accepted  as  of  general  application,  but  where  these  rocks 
are  best  known,  at  least  three  great  unconformable  series  or  systems 
are  referred  to  this  era.  These  several  divisions  are  of  such  thickness 
and  extent  that  their  local  names  may  well  be  taken  for  the  great 
subdix-isions  of  the  rocks  of  this  era.  In  the  order  of  age,  these  systems 
are  (1)  the  Huronian,  (2)  the  Animikean  or  Penokean,  and  (3)  the 
Keweenawan  (p.  160).  The  first  system  is  named  for  the  region  north 
of  Lake  Huron,  where  the  rocks  were  first  differentiated.  The  names 
of  the  second  system  come  from  localities  in  northeastern  Minnesota 
and  northwestern  Wisconsin  respectively,  where  the  rocks  are  well 
de\-eloi>ed,  while  the  name  of  the  third  system  is  derived  from  the 
Keweenaw  peninsula  of  northern  Michigan,  on  the  south  shore  of 
Lake  Superior. 

Each  of  the  systems  in  this  region  measures  thousands  of  feet  in 
thickness,  but  it  is  important  to  note  that,  thick  as  they  are,  they 
do  not  constitute  a  complete  record  of  the  Proterozoic  era.  The 
unconfcmnities  between  them  show  that,  after  the  formation  of  each, 
there  was  a  disturbance  of  relations  between  the  sources  of  the  sedi- 
ments (the  lands)  and  the  sites  of  their  deposition  (chiefly  the  sea). 
Each  unconformity  appears  to  mark  a  prolonged  period  during  which 
erosion  was  in  progress  in  the  region  where  the  formations  are  exposed, 
and  deposition  somewhere  else.  The  sediments  deposited  at  this 
time  are  probably  buried  under  later  formations,  either  within  the 
continent  or  about  its  borders,  and  remain  inaccessible.    The  interval** 
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represented  by  the  imconformities  are  unrecorded,  so  fai 
strata  are  concerned,  though  they  are  recorded  by  the  ui 
themselves.  It  is  not  impossible  that  the  interval  represents 
formity  in  one  region  is  represented  by  known  strata  in  i 
in  the  absence  of  fossils,  this  relation  is  difficult  of  de 
Whether  the  stratigraphic  records  made  in  these  interv 
identified  or  not,  they  must  be  taken  into  account  in  th 
of  the  Proterozoic  era  as  a  whole.  This  era  therefore 
time  when  at  least  three  thick  systems  of  strata  were  de 
two  intervening  intervals,  represented  by  unconformiti 
now  known  to  be  recorded  by  accessible  strata.  Nor  is 
imconformities  between  the  Proterozoic  formations  and  \ 
on  the  one  hand,  and  between  the  Proterozoic  and  the  ] 
the  other,  are  to  be  taken  into  account.  Some  portion 
represented  by  each  of  these  two  great  unconformities  is  t< 
to  the  Proterozoic. 

Proterozoic  Sedimentation. 

General  considerations.— The  stratigraphic  relations  of  the 
Proterozoic  formations  to  the  Archean  show  that  they  we 
on  the  bed  of  a  sea,  or  other  lodgment  area,  which,  at  the 
the  formations  are  known,  was  advancing  upon  the  la 
time  of  the  advance  of  the  Proterozoic  seas  (taken  as  repr 
all  lodgment  areas)  upon  the  lands  of  Archean  rock,  tt 
the  latter  was  probably  comparable  to  existing  land  surf 
talline  rock  which  have  been  long  exposed  to  weatherini 
phases  of  erosion.  The  topography  was  doubtless  more  or 
and  the  surface  mantled  by  soil  and  residual  earths  (i 
regolith,  geest)  which  had  arisen  from  the  decomposition  ( 
lying  rock  (Vol.  I,  p.  41).  Large  and  small  masses  of  rock, 
ant  than  their  surroundings,  probably  remained  undecomp 
partially  decomposed,  in  the  earths  which  represented  the 
more  complete  decay. 

The  general  nature  of  the  clastic  sediments  laid  down  o 
surface  when  it  was  converted  into  an  area  of  deposit 
readily  inferred.    They  were  made  up  cliiefly  (1)  of  the 
products  already  on  the  surface,  (2)  of  the  materials  wc 
rocks  by  the  waves,  and  (3)  of  river  detritus. 
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(1)  One  of  the  first  effecte  of  the  Proterozoic  Beas,  ef  they  slowly 
imnspressc  il  the  land — ^for  it  is  presumed  that  this  transgression  was 
slow — ^was  to  work  over,  assort  and  re-deposit  the  loose  material  fomid 
on  the  surface.  The  larger  masses  of  rock  suffered  relatively  little 
transportation  and  wear;  the  sand  and  small  bits  of  rock  were  rolled 
along  the  bottom  and  deposited  in  relatively  shallow  water,  while  the 
finer  inaterials  were  carried  out  from  the  shore  and  deposited  in  the 
more  quiet  wat«^  beyond  (A'ol.  I,  p.  369  et  seq.l.  Deposits  of  gra^Tl, 
sand  and  mud  were  doubtless  being  made  at  the  same  time  at  different 
distances  from  the  shore,  and  from  the  gravel  on  the  one  hand,  to  the 
finest  mud  on  the  other,  there  were  all  p>ossil:)le  gradations  (Tig.  50). 
Changes  in  the  position  of  the  shore  line,  and  changes  in  the  dei)th 
of  water  incident  to  the  FJinlring  of  the  land,  may  have  brought  about 
the  deposition  of  fine  sediment  on  beds  of  coarse  material  deposited  at 
in  earlier  time  fFig.  50)  when  the  water  where  they  cKTur  was  shallow, 
and  a  return  of  shallow  water,  as  by  the  rise  or  aggradation  of  the 
^f'a-Viottom,  may  have  caused  coarse  sediments  to  succeed  the  fine 
in  vertical  section.  In  such  ways  the  sedimentary'  deposits  came  to 
be  arrangeil  in  layers,  coarser  and  finer  alternating  with  one  another 
in  veitical  section,  and  grading  into  one  another  laterally. 

If,  at  all  stages  of  the  .sinking  which  brought  land  composed  of  Ar- 
chean  rock  below  the  Proterozoic  seas,  the  waters  fnoiiil  coarse  and 
finf  materials  on  the  surface  they  transgressed,  and  if  at  all  stagei^  the 
fiiuT  parts  were  carrier]  out  from  the  shores,  there  should  l>e  a  wide- 
sy^read  «leposit  of  coarse  material  (gravel)  derived  from  the  under- 
l^-ing  rock  at  the  bajse  of  the  sedimentary-  seiies  <Fig.  50  >.  Such  a 
lV»nnalion  is  known  as  a  6o.sa7  congJoyneraie,  and  is  often  one  of  the 
^•>t  inflices  of  an  imconformity.  All  parts  of  a  l.>ed  of  basal  conglom- 
erate were  not  necessarily  contemporaneous  in  origin.  Tlius  the  coarse 
material  at  a  (Fig.  50)  is  older  than  that  at  -4/,  with  which  it  is 
larerallv  continuous. 

It  L«  to  be  especially  noted  that  the  loose  residual  materials  which 
the  advancing  Proterozoic  seas  foimd  upon  the  surface  which  tliey 
tnmsgressetl  had  arisen  chiefly  by  rock  decay,  and  that  they  were 
ihf-refore  essentially  unlike  their  parent  formation  in  average  compo- 
sition (\o\.  I,  p.  422). 

2)  Besides  working  over  the  regoUth,  the  waves  doubtless  attacked 
the  solid  rock  wherever  exposures  were  favorable,  just  as  waves  here 


168  GEOLOGY. 

and  there  cut  into  solid  rock  at  the  present  time.  The  i 
derived  resembled  the  parent  formation  in  average  cone 
are  thus  distinguished  from  those  of  the  preceding  clas 
ments  of  this  second  class  were  more  or  less  intimately 
those  which  had  been  prepared  in  advance  by  the  decomp 
rock. 

(3)  The  streams  descending  from  the  land  brough 
quota  of  gravel,  sand,  and  mud.  The  larger  part  of  tl 
detritus  was  probably  made  up  of  the  decomposition  pro 
though  a  smaller  part  was  probably  derived  by  the  med 
of  running  water  on  imdecomposed  terranes.  Once  in 
detritus  which  the  rivers  brought  down  from  the  land  wai 
deposited  with  the  sediments  acquired  in  other  ways.  '] 
minor  quantities  of  terrigenous  sediment  were  doubtles 
the  land  to  the  sea,  and  added  to  that  derived  from  the 
wavs. 

Since  much  of  the  more  soluble  constituents  of  the 
extracted  during  the  processes  of  decomposition  proba 
in  solution  in  the  sea-water,  it  is  to  be  presumed  that  th 
ments  were,  on  the  whole,  more  siliceous  than  the  rock  fro 
were  derived. 

The  sorting  power  of  moving  water  takes  account  oi 
conditions  and  properties  of  the  materials  handled,  anc 
chemical  constitution;  but  in  the  decomposition  of  I 
the  quartz  remaining  in  the  residual  mantle  was  gener 
particles  than  the  aluminous  products  of  the  decompc 
silicates,  and  under  the  assorting  influence  of  the  wav 
grains  (sand)  were  more  or  less  completely  separated  frc 
nous  particles  (mud).  Thus  materials  which  were  imlL 
were  separated  from  one  another  because  they  were  unli 

If  the  Proterozoic  seas  harbored  abundant  shell-be 
if  their  waters  anywhere  became  overcharged  with  lime 
solution,  limestone  might  have  been  formed,  and  sho 
associated  with  the  other  sedimentary  strata. 

Extent. — ^While  the  beds  of  sediment  accumulated  ir 
zoic  are  known  in  limited  areas  only,  it  is  to  be  borne  in 
Proterozoic  sediments  were  in  reality  as  widespread  as  tl 
seas;   for  though  coarse  material  from  the  land  is  not  u 
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ut  far  from  the  shore,  material  fine  enough  to  be  carried  in  suspension 
nay  be  transj>orted  great  distances,  and  small  amounts  of  dust  are 
WDStantly  being  blown  from  the  land  to  all  parts  of  the  sea.    In  later 
pologic  time,   the  life  of  the  sea  has  occasioned  considerable  deposits 
evMi  far  from  the  land,  and  presimiably  over  the  whole  of  the  ocean  bot- 
tom. The  same  may  have  been  true  from  the  beginning  of  the  Proterozoic 
enu  for  the  beginnings  of  life  go  even  farther  back.    Both  from  extra- 
tmestrial  sources,  and  by  precipitation  from  solution,  further  addi- 
ams  may  have  been  made  to  the  sediments  accumulating  on  the  sea 
bottom.     Sedimentation,    even   if   slow,    was   therefore   doubtless   in 
progress  in  the  deeper  parts  of  the  Proterozoic  seas  as  well  as  near  the 
iores.    These  general  considerations  prepare  us  for  the  study  of  the 
»iimentary  rocks  now  exposed. 

The  sediments  and  their  interpretation. — The  sedimentar}'^  beds  of 
thp  Proterozoic  consist  of  conglomerates  (Vol.  I,  p.  468),  sandstones. 
Vol.  I,  p.  422),  shales  (Vol.  I,  p.  473),  and  Umestones  (Vol.  I,  p.  378), 
or  of  their  metamorphic  equivalents.  Before  being  cemented  or  other- 
wise solidified  into  firm  rock,  their  materials  were  gravel,  sand,  mud, 
etc.  The  manner  in  which  such  materials  are  now  being  derived 
from  previous  formations  is  set  forth  in  Volume  I,  pp.  110-114,  332- 
33n,  and  420-426;  the  manner  in  which  they  are  transported  by  streams, 
waves,  and  ocean  currents  is  explained  on  pp.  115-119,  354,  and  364 
of  the  same  volume;  and  the  way  in  which  they  are  assorted,  distributed, 
an»l  deposited  is  discussed  on  pp.  177-204  and  355-386.  The  facts 
and  principles  there  set  forth  should  be  well  in  mind  before  the  history 
of  this  and  succeeding  periods  is  studied.  In  so  far  as  the  Proterozoic 
se<liments  had  the  same  characters  as  the  modern  sediments,  it  is 
inferred  that  they  were  formed  in  similar  ways. 

At  the  base  of  the  Proterozoic,  and  at  the  base  of  its  several  svstems, 
there  are  sometimes  found  beds  of  basal  conglomerate,  which,  when 
traced  laterally,  are  found  to  abut  against  steep  slopes  (cliffs)  of  the 
underlying  formation.  This  is  exactly  the  relation  which  the  gravel 
and  shingle  of  existing  beaches  sustain  to  the  shore  rock.  It  is  therefore 
inferred  that  these  ancient  conglomerates  represent  ancient  shore 
tracts.  As  the  beds  which  overlie  the  basal  conglomerates  are  usually 
of  finer  materials,  the  shore  is  inferred  to  have  advanced  upon  the 
land  as  sedimentation  proceeded,  and  thus  to  have  given  opportunity 
for  the  deposition  of  off-shore  material  over  the  coarse  shore  deposit*' 
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Conglomerate  beds  which  are  not  basal  also  occur,  and  pc 
m  the  conditions  of  sedimentation  even  where  unconforr 
developed. 

The  Proterozoic  group  also  contains  great  thicknesse 
which  is  composed  chiefly  of  grains,  and  sometimes 
of  quartz,  cemented  firmly  together,  usually  by  the  seco 
of  the  grains,  as  explained  and  illustrated  in  Volume  ] 
is  inferred  therefore  that  in  Proterozoic  times  there  was 
tunity  for  the  separation  of  quartz  grains  from  the 
Archean  rocks,  and  for  the  rolling  and  rounding  of  thes< 
they  came  to  rest.    As  the  quartzites  of  the  Proteros 
times  thousands  of  feet  thick,  the  decomposition  which 
necessary  sand  must  have  been  correspondingly  great, 
great  formations  made  of  decomposable  minerals  (sue) 
amphiboles,  etc.)  grains  of  quartz  are  absent  or  rare. 

The  Proterozoic  formations  also  include  great  beds 
their  metamorphic  equivalents,  which  are  interpreted 
products  of  the  same  decomposition,  and  their  preseno 
inference  drawn  from  the  sandstones  and  quartzite? 
also  are  present,  from  which  it  is  inferred  that  the  wate 
had  become  calcareous  by  processes  similar  to  those  no 
(Vol.  I,  pp.  429-431,  122,  and  107),  and  that  by  one  or 
processes  by  which  limestone  is  now  produced,  a  porti 
careous  content  of  the  waters  was  deposited.  The  lin: 
further  confirmation  of  the  preceding  inferences,  for  i 
position  of  crystalline  rocks  necessary  to  free  the  quaj 
produce  clays,  the  calcareous  material  is  largely  dissolve 
to  the  sea  in  solution. 

The  inference  that  these  ancient  sediments  were  de 
same  manner  as  the  sediments  of  modern  times  is  furt 
by  the  ripple  and  other  water-marks  on  the  sandston 
and  by  the  character  of  their  lamination  and  stratifi 
where  still  preserved,  are  precisely  analogous  to  tboo^ 
By  combining  evidences  of  this  kind,  until  by  mullM^I 
no  rational  room  for  doubt,  the  mode  of  fonr**™^* 
deposits  is  deciphered,  and  their  history  real' 

The  fact  that  some  of  the  deposits  are  c 
tell  a  different  tale,  tends  rather  to  increai?' 
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ii,  Sime  of  the  panilstoncs  ooiuauj  almijiiaiji  crairLS  ai  f'O'l'fiar  ain] 
(■:tiiT  :'ilicatp  minerals,  from  wIiirL  h  i<  iiiiVirfd  ihm  iIjc  (■'.i„iiiif,iii: 
■jiiiiT  which  thoir  matprial:?  Arcrc-  di-rivfil  di'l  imi  jxTinii  matun'  ■i'-'-oiri- 
•(■■^iiinii,  ^Vi*  the  more  notable  sandjiiorw^  wuffcc-  df  this  lyjx-  are 
ir»*'iatPtl  w-ith  lava  bed*,  it  is  a  cousi-lerjl  iuHnuM-  ihal  .'i-  ;i 
^Sl;^  »>f  the  volcanic  fragment  at  iou  that  afc'.iijjj:iijic.i  liif  'luifl'm--. 
:i:.ithe  nakf>.l  surfaces  that  suoceeilf-il  thfiu.  iIjc  raii'i  '-f  ^urfa*-'- w-n-h  10 
■iM^utijifjsitinn  wa*!  high,  ami  that  fragnn-yjtai  .'nai'  rial  «-a-  ii'iru*- 
aur-.iv  to  the  (Icpositing  ground*  fx-ffirf  Ix-ing  cfiiupl'-i'-ly  il'-cniujfiw^l. 

Tt'  at'ciumt  for  ihe  thick  wric-^  of  sf-linj'Ul^  wliji-h  f-xi-i.  it  -tfcrtis 
iii-n-ssary  to  suppose  that  there  wsi'  in  jirojirfr;--.  in  rifinj--  jila^T'  at 
'.•■a-t,  a  slow,  quiet  warping  of  the  ■'urfaee  wljich  loivcr'-il  lii'-  l'i.ljnij*-ijt 
!«-iiis  almut  as  fast  as  they  «-en-  filleil.  mA  jjiThajir  at  th"  .-aiu"  liiiif 
rii;«-ii  the  areas  from  which  llie  supjjly  of  inai'-nal  f-anj*-.  ttioualj  this 
!i-t  iufen-iice  is  not  a  necessary  one    Vol.  1.  jiji.  .>)(i-"»41  . 

By  such  com|>arisons  ami  iiifereueci,  ii  i-  couclu'liil  tliat  x\i<-  cu'-ral 
'■■■:iilili<ins  of  the  I'roteroz'iic  limi-s  wi-rf-  iiior"  lik'-.  thiiu  iinJik'',  iho^^- 
'■i  :iie  present  time,  though  the  jKjiiits  nf  iiifT<-r'-inf-  wn-  <'i;j-i.l<r;ili]'-, 
*-;»-ciulIy  the  greater  prevalence  of  ijrncou,-  adi'.n.  IVdli  tli'-  r-^iu- 
i'^aiices  anil  the  difference.*  will  be  more  appar'iit  afi'-r  tli"  'i'lail.-  nf 
'■;..-  forniations  are  .-itudied. 


'Tr-'-irnyihic  Helations  of  the  Kxfift-ed  Prriterozoir-  to  li-'-  Ks 
I'roterozoic  rr)cks  appear  at    tbf  surface   ju   luany  ; 
America,   but  in  few  regions  have  they  been  cieariy  a, 
the  .\rchean,  and  in  ven.'  few  have  their  subdiiigiop^ 
so  as  to  permit  of  their  separate  delineation 
the  area  where  rocks  of  known  Proterozoic, 
well  a&  areas  where  Proterozoic 
from  the  Arehcan.     ^Tiere 
Proterozoic  rocks  are  fo 
in   all,    with    areas    of 
Arcbran  rocks  are  a 
kbout  the  borders  1 
b  narrow  betui,  uj 
n-lations 


.\rri.mH, 
Ml"    Norlli 


ijioniy 
shovvs, 


in  section,  the  general  relations  of  the  Proterozoic  si 
Archean    C^)  below,  and  to  younger  formations   (€] 


Fig.  51. — Diagram  showing  a  common  aurtace  relationship  betwee 
ProteroKoic  (Al),  and  Cambrian  (€).  The  Prot«rozoic  (Algon 
appear  at  the  surface  between  younger  and  older  formations. 

same  relations  are  shown  in  groimd-plan  in  Fig,  52,   Whil 
shown  in  these  diagrams  are  common,  there  are  areas  c 


St; 


surrounded  or  bordered  by  exposed  Proterozoic  format: 
of  the  latter  not  associated  with  exposed  Archean.    T 


tionship  b  explained  by  Fig.  53,  where  a  later  formatioi 
as  lapping  completely  over  the  Proterozoic  (At).    Youi 
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may  completely  cover  the  Proterozoic  beds  on  one  side  of  an  area  of 
expoeed  Arcbean,  irtiile  they  ful  to  do  so  on  the  other  (Figs.  54  and  55). 


Bdts  and  patches  of  Proterozoic  rock  within  areas  of  Archean  (Hg.  56) 
tie  often  remnants  left  by  erosion,  and  indicate  the  former  extension 
of  the  ^-ouDger  group  beyond  its  present  limits. 

Tbe  occurrence  of  Proterozoic  formations  with  little  surface  associa- 


tion with  Archean,  is  iUustratefl  in  the  southeastern  part  of  South 
Dakota  and  the  adjacent  parts  of  Minnesota  {Sioux  quartzite). 
Tbe  Proterozoic  rocks  in  this  region  may  be  presumed  to  lie  on  an 
.\rchean  floor,  and  an  adjacent  area  of  Archean,  now  mostly  covered 
by  younger  formations,  may  be  supposed  to  have  furnished  the  sedi- 
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ments  for  the  Proterozoic.    A  sequence  of  events  which  \ 

for  the  existing  relations  is  illustrated  by  Figs.  57  and  i 

It  is  to  be  borne  in  mind  that  the  map  (Fig.  38)  sh 

exposed  areas  (so  far  as  known)  of  the  Archean  and  Prot 


Fig.  56. — ^Figure  showing  troughs  of  Proterozoic  rock  {Al)  included  l 
Marquette  region,  Mich.  Length  of  section,  2J  miles.  (Van  H 
Smjiih,  Mono.  XXVIII,  U.  S.  Geol.  Surv.) 

real  extent  of  both  systems  is  much  greater.    The  Prote 
Wisconsin  are  probably  continuous  beneath  yoimger  foi 


Figs.  57  and  58. — Fig.  57  shows  Archean  rock    (.^\  on  a  portion 
ozoic  sediments  (aT)  have  been  deposited.     Fig.  58  shows  the 
deformation.     The  Archean  rock   {^)  not  covered  by  Proterozc 
been  depressed  and  other  sediments,  a,  have  been  deposited  upon 
that  the  Archean  rock  (^)   is  now^here  exposed  at  the  surface 
rock  {Al)  appears  at  the  surface  not  in  association  with  outcrops  oi 

the  Proterozoic  beds  of  southwestern  Minnesota,  and 
with  those  of  Missouri  and  Texas  (where  the  pre-Can 
probably  Proterozoic  in  part  at  least)  on  the  south,  a 
of  the  Black  Hills  and  Rocky  Mountains  (where  the  u 
pro-Cambrian  of  the  map,  Fig.  38,  is  at  least  partly  P 
the  west.    The  total  area  where  Proterozoic  rocks  exii 
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betie\-cd  to  be  vwy  great,  much  greater  than  the  area  where  they  are 
exposed. 

The  Photerozoic  ok  the  Lake  Superior  Region. 

The  ProteroEoic  formatioiis  have  been  most  carefully  studied  and 
thdr  relations  are  best  understood  in  the  re^on  about  Lake  Superior, 


Fk  o9. — Diagram  showinf;  the  general  relations  of  the  three  Proterozoic  systems  of 
rock  in  the  Lake  Superior  region.  //,  Huronian;  .4,  Animikean;  K,  Keweenawan. 
TTie  diafram  alao  shows  the  relation  of  these  Proterozoic  sj-stema  to  the  Archean 
At  below  and  to  the  Cambrian  CO  shove.  Tlie  crosH-pattem  represents  i^eoua 
CQ^     The  lines,  dots,  etc.,  above  the  Archean  represent  sedimentary  beds. 

and  the  formations  of  this  region  have  been  made  the  basis  for  the 
clasdfication  of  the  Proterozoic  group  as  a  whole.  The  Proterozoic  rocks 
of  this  re^on  are  of  great  thickness,  and,  as  already  indicated  (p.  165), 
ihev  are  divisible  into  at  least  three  great  unconformable  systems,  the 
relations  of  which  to  one  another,  to  the  Archean  below,  and  to  the 
Cambrian  above,  are  shown  diagrammatieally  in  Fig.  59. 

During  at  least  some  portion  of  the  Proterozoic  era  there  was  prob- 
ablv  an  island  of  Archean  rock  in  northern  Wisconsin.  North  of  Lake 
Superica*  there  is  a  much  larger  area  of  Archean  rock  not  known  to  have 
bwn  3iit«nerged  during  this  period.  So  far  as  present  knowledge  goes, 
:b«se  land-areas  may  have  been  sometimes  united  as  a  result  of  the  ele- 
ction, relative  or  absolute,  of  the  intervening  areas.  These  land-areas 
were  the  chief  sources  of  the  Proterozoic  sediments  deposited  in  the 
Lake  Superior  r^on. 

The  Huronian  syslem. 
(Lower  and  Middle  Huronian  of  page  161.) 
Ctonpoiition  and  thickness. — .The  rocks  of  this  system  are  chiefly 
sedimentary.     They  include  all  the  common  sorts  of  clastic  rocks  or 
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their  metamorphosed  products,  a  subordinate  amount 
and  beds  of  iron  ore  derived  by  alteration  from  beds 
(non-clastic)   sediments.    The  beds  of  limestone   (dole 
known  to  contain  fossils,  and  their  organic  origin  cann- 
though  this  is  perhaps  their  most  reasonable  explanat 

The  period  of  Huronian  sedimentation  was  long,  for 
ably  situated  thicknesses  of  sediment  to  be  measured  b 
feet  rather  than  by  denominations  of  a  lower  order,  i 
Thicknesses  of  6000  feet,  and  perhaps  of  18,000  (see  j 
ported.    That  sedimentation  was  not  imiform  througl: 
is  indicated  both  by  the  fact  that  the  number  of  form 
in  the   system  is  different  in  different  regions,  and  b 
the  thickness  of  a  given  formation  sometimes  varies 
short  distances.    In  the  Menominee  region  there  are  f 
formations,  in  the  Marquette  region  nine,  while  north 
thirteen  ^  have  been  enimierated.    The  lesser  number 
may  be  in  part  the  result  of  erosion  which  has  carried 
of  the  system,  but  it  is  also  probable  that  the  numbe 
did  not  originally  correspond  in  different  parts  of  the  b: 
consideration. 

The  sedimentary  beds  of  the  Huronian  system  are  c 
affected  by  igneous  intrusions  of  great  and  small  ext 
relations  of  the  igneous  rocks  to  the  sedimentary, 
extrusions  of  lava  and  deposits  of  volcanic  elastics 
various  times  during  the  period,  the  lavas  and  tuffs  1: 
turn  by  sediments.  Where  the  metamorphism  has  1: 
not  now  possible  in  all  cases  to  say  whether  a  given 
rock  was  intrusive  or  extrusive,  and  in  many  cases  \ 
trusive,  the  date  of  irruption  cannot  be  fixed.    Local 


mMm 


Fig.  60. — Section  of  the  Proterozoic  in  the  Marquette  region,  ] 
gaiinee  (iron-bearing)  formation  (Huronian);  Awi,  Ishpeming 
kean);  Aed,  eruptive  diabase  or  diorite.  Length  of  section,  3 
Bayley,  Smyth,  Mono.  XXVIII,  U.  S.  Geol.  Surv.) 

considerable  areas,  the  igneous  rocks  are  more  abv 
sedimentary  in  the  exposed  part  of  the  system  (Fig.  f 

*  See  p.  181 ,  and  foot-note  3,  p.  151. 
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tng  morements. — After  the  Huronian  formations  had  attuned 
great  thicknesses,  the  submergence  which  attended  their  accumulation 
was  succeeded  by  a  reverse  movement,  relative  or  absolute.  The 
beginning  of  this  opposite  movement  marked  the  beginning  of  the 
end  of  the  Huronian  period.  The  emergence  of  the  land  was  prob- 
tbly  brought  about  slowly,  perhaps  as  slowly  as  the  submergence 
which  had  preceded.  Though  the  border  of  the  sea  receded  from 
the  position  which  it  had  earlier  attained,  sedimentation  continued 


s^i^^y 

V/ 

m 

ds 

F)G.  61. — IWajmmunatic  section  shaninE  relations  which  existed  around  Arcliean 
land?  during  the  Huronian  period.  Huronian  sediments  (Al)  are  in  process  of 
depoMtion.     They  are  affected  by  intruaons  and  extru^ona  of  lava,  d^  d„  etc. 

ilong  its  shores  at  their  successive  positions.  Figs.  61  and  62  will 
help  to  make  the  relations  clear.  On  the  supposition  that  submerg- 
ence and  emergence  of  the  land  were  gradual,  the  duration  of  Huronian 
seilimentation  must  have  been  greater  at  some  points  than  at  others. 


Fk  fS. — Eriagram  representing  the  area  shown  in  Fig,  61  after  further  sediment  alien, 
intrunoD,  and  deformation.  Erosion  has  also  affected  the  deformed  beds.  It  is  to 
|pe  Qfited  that  sedimentation  is  in  progress  at  the  ri^ht,  and  tliat  the  sediments  now 
deporting,  b,  are  conformable  on  the  Huronian  sediments,  //,  at  the  e.vtreme  right. 

Thus  if  Htironian  sedimentation  was  brought  about  by  submergence, 
it  began  earher  at  a  than  at  b  (Fig.  61)  and  ended  later. 

£jther  as  the  land  emerged,  or  at  some  time  after  emergence,  the  sedi- 
mentan'  beds  which  had  been  deposited  in  horizontal  or  slightly  sloping 
podtions  were  deformed,  beit^  folded  in  some  regions  and  tilted  in 
others.  At  the  same  time  it  is  probable  that  lava  was  locally  intruded 
into  them  and  spread  out  upon  their  siuface.  The  deformation  of 
the  Virata  and  the  contemporaneous  igneous  activity  had  thdr  effect 
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on  the  character  of  the  rocka,  often  rendering  them  met 
the  metamorphism  is,  on  the  whole,  most  complete  wh 
tion  of  the  beds  has  been  greatest,  it  is  inferred  that 
was  a  principal  factor  in  the  metamorphism.  As  a  rei 
morphic  change,  slates  and  schistose  rocks  of  various 
important  components  of  the  system.  Fig.  63  represt 
ral  size,  the  structure  of  a  piece  cf  Huronian  rock  af 
It  is  not  to  be  understood,  however,  that  dynai 
agents  were  the  only  ones  involved  in  the  changes  whi 


Fia.  63.^FiKurp  shoivhig  the  deformation  of  a  small  piece  of  H 
dark  liands  are  iaspilite.  The  remainder  is  iron  ore  (hematite) 
the  bending  and  breaking  showa  that  the  deformation  took  [ 
combined  fracture  and  flowage.  (Van  Hiae,  Bai'ley,  «nd  Smy 
U.  S,  Geol.  Surv.) 

formations  have  suffered.  The  sandstones  and  the  quar 
ates  have  been  transformed  into  quartzites  by  other  me 
the  iron-bearing  formations,  originally  Itud  down  £ 
ginous  carbonates  in  some  cases,  and  as  ferrous-silici 
ments  in  others,  have  been  notably  changed  by  pe 
carrying    Oxygen,    carbonic    acid,    etc.      One    of   the 
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np,  brought    about  by  dissoNiag,  reconibining,  and  precipitating, 
;  the  production  of  betls  of  iron  ore,  chiefly  hematite.^ 
The  sections  which  follow  give  some  idea  of  the  present  conditions 
the  format  ions- 

Scctkms  of   tlie   HuroidaiL — The  following  Huronian  sections,  in  selected  kx-ali- 
tee^cherc  the  rocks  have  been  well  studied,  give  some  idea  of  ihe  rangt  of  the 

The  Huronian  series  of  the  Marquette  region  of  northern  Michigan  *  rests  un- 

mf^^nnably  on  the  Archean,  and  includes,  in  ascend ini;  order,  (1;  the  Mo^narri 

qttrtrite,  with  hasal  conglomerate,  and  some  slate,  110  to  620  feet  thi^k:    '2) 

dif  Kona  dolomite,  with  some  clastic  layers,  425  to  137.5  feet  thif-k:  (3)  the  We  we 

^.including:,  besides  slate,  some  conglomerate,  quart zite.  and  schist,  .j-VJ  to 

lOnO  feet  tluck;     (4)  the  Ajibik  quart  zite,  which  is  sometimes  srhisnose,  7W  to 

nOfftt  thick;    (5)  the  Siamo  slate,  \n\h  some  gra>-i;iafke  and  quart  zite,  fXX)  to 

1300  f«t  thick;  and  (6)  the  highly  ferruginous  Xegaunee  formation,  whifh  iirJudes 

siirtilic  date,  grunerite-magnetite  schist,  femiginoiis  <hert,  jaspilite.  and  irr»n 

oR'fftndbas  a  thickness  of  1000  to  1.500  feet.'    The  sideritic  slate  appear*  to  Imve 

btea  tte  doimnant  original  t>'pe  of  ro<>k  in  the  Xegaunee  format irm  and  mo^r  of 

tbp  other  phases  of  this  formation  have  lx*en  rIevelop«-d  from  it.     Tlv  -^-rif's 

ibo  inchides  sotne  volcanic  rocks.    The  beds  are  now  dorscly  foldr-d  and  (rencrally 


iK  G4. — Section  of  Huronian  in  the  Marfpiette  (N.  Midi  i  n*jrion.  Aim,  Mf*.riard 
quartxhe;  AUc,  Kona  dolomite;  Attn,  Wewe  slate;  A  In,  Ajihik  quart  zit»-;  Al.^, 
Siamo  slate.  I-ength  of  section,  3  miles.  (Van  Hise,  Havlev,  and  Sinvth,  1'.  S. 
Ceol.  Sur%-.) 

miv^fa  metamorphosed.    (Figs.  04  and  <3.5  illa^trate  the  positions  of  the  formal  ions 
Li!h»  region.) 

In  the  Menominee  (Michigan  and  Wisconsin;*  region,  the  Huronian  system 

kri-iwn  also  as  the  Lower  Menominee)  Ls  unconformable  on  the  Archean,  anri  is 

•i:vi<ie<l  into  three  format ioa*«:    (1)  the  Sturgeon  quart  zite,  with  basal  r-on^lom- 

t-ur»-.   1000  to  1250  feet   thick;    (2)   the  Rand\nlle  dolomite,  indudinj:  some 

sji.ius  dolomite,  calcareous  quart  zite,  cherty  and  argillaceoas  rocks,  1000  to 

■  V<tT  discussion  of  the  iron  ores  of  the  Hurr)nian  of  the  Lake  Superior  region,  s<*e 
Van  HL-**,  2l8t  Ann.  Rept.  U.  S.  Geol.  Sur>'.,  Pt.  Ill;  I^^•inp,  Am.  Jour.  Sci.,  Vol. 
XXXII.  1886,  p.  255;  Van  Hise.  Vol.  XXXMI,  1889,  p.  32,  and  Vol.  XLIII,  p.  110; 
ia.i  MonoifTaphs  XIX.  XXVIII,  XXXVI,  and  XL.  V.  S.  Oeol.  Sur\-. 

'  Van  Ilijse,  15th  Ann.  Rept.  V.  S.  Geol.  Sur\-.,  and  Van  Ilise,  Bayley,  and  Smyth, 
Mono.  XXVIII,  r.  S.  Gcol.  Sur\'. 

>  According  to  the  classification  last  suggested  (p.  101)  the  division  lH*tw(H*n  the 
Midfilr  and  Lower  Huronian  is  between  (3)  and  (4). 

'Van  Hise  and  Bayley,  Menominee  (Mich.)  folio,  U.  S.  Geol.  Sur>'. 
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1500  feet  thick;   and  (3)  the  Negaiinee  formation  of  slight 
responding  with  the  formation  of  the  same  name  in  the  Marqi 
series  is  closely  folded,  and  the  beds  are  often  vertical. 


Fig.  65. — Section  showing  the  relations  of  the  Archean,  Huronian, 
one  i)oint  in  the  Marquette  (N.  Mich.)  region.  ARgr^  Archean  % 
quartzite),  AU  (Siamo  slate),  and  Aln  (Xegaunee  [iron-beari] 
Huronian  formations.  Aui  (Ishp»eming  formation)  and  Aum 
are  Animikean  formations.  Length  of  section,  2  miles.  fS'an 
Smyth,  U.  S.  Geol.  Surv'.) 

In  the  Crystal  Falls  region  of  northern  Michigan/  the  Hiiro: 
of  four  formations.  In  ascending  order,  these  are  (1)  the  Stur 
the  Randville  dolomite,  (3)  the  Negaunee  formation,  and  (4) 
mation.  The  Sturgeon  quartzite  has  a  basal  conglomerate 
ranging  from  100  to  1000  feet.  It  grades  into  the  Randville 
estimated  to  have  a  thickness  of  1500  feet.  The  Negaunee 
bearing,  and  is  similar  to  the  corresponding  formation  of  the 
The  Hemlock  formation  consists  principally  of  volcanic  rock 
basic,  and  of  crystalline  schists  derived  from  them.  The  Hur 
region  have  been  t^^ice  folded,  the  axes  of  the  folds  being  nea 
The  rocks  are  notably  metamorphosed. 

In  the  Penokee-Gogebic  region  (Wis.-Mich.)'  two  format 
quartzite  (Mesnard)  below,  and  a  dolomite  (Kona)  above.  It  U 
the  Archean,  and  has  a  monoclinal  structure,  the  beds  dipping  ; 

In  the  Mesabi  (Minn.)^  districty  the  Huronian  series  consists 
graywackes,  slates,  conglomerates,  and  granites,  unconformab 
The  thickness  is  at  least  5000  feet,  and  may  be  10,000  feet, 
schistose  cleavage  are  nearly  vertical. 

The  Huronian  of  the  Vermilion  (Minn.)  region*  is  made  up  oi 
members,  (1)  the  Ogishkee  conglomerate  below,  (2)  the  Ag 
formation  in  the  middle,  and  (3)  the  Knife  Lake  slates  aboi 
conglomerate  is  a  basal  conglomerate,  unconformable  on  t 
Agawa  formation  has  a  carbonate,  slaty  facies,  and  a  chert, 
and  slate  facies.    Lithologically,  it  is  very  like  the  Soudan  forma 

^  Van  Hise,  21st  Ann.  Rept.  U.  S.  Geol.  Sur\\,  and  Van  His( 
and  Bayley,  Mono.  XXXVI,  U.  S.  Geol.  Surs-. 

2  Van  Hise,  10th  and  21st  (Pt.  Ill)  Ann.  Repts.  U.  S.  Geo) 
and  Van  Hise,  Mono.  XIX,  pp.  127-142,  U.  S.  Geol.  Surv. 

3  Leith,  Mono.  XLIII,  U.  S.  Geol.  Sur\'. 

*  Clements,  Mono.  XLV,  IT.  S.  Geol.  Surv. 
^  In  the  latest  publication  touching  this  region,  the  name  oi 
tion  is  omitted.     Jour,  of  Geol.,  Vol.  XIII,  p.  94. 
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(p.  loO).  The  structure  of  these  formations  is  so  complex,  as  a  result  of  fault* 
ins  and  folding,  that  thicknesses  are  not  easily  estimated.  The  thickness  of  the 
Knife  Lake  formation  has  been  estimated  at  2500  feet,  which  is  probably  less 
tban  its  original  thickness. 

In  the  area  north  of  Lake  Huron,  ^liienoe  the  Huronian  s^'stem  derives  its 
Mme.  the  strata  formerly  included  in  it  ooneist  ol  great  thicknesses  of  rock,  divisi- 
Ue  into  thirteen  formations.'  Though  outside  the  Lake  Supericn*  region,  the 
action  is  here  given.     In  ascending  order  the  formations  are  as  follows: 

;1»  (5 ray  quart zite,  500  feet;  (2)  chlorite  slate  (altered  surface  volcanic  rock), 
2D0O  feet ;    (3)  white  quartzite,  1000  feet ;   (4)  lower  slate  conglomerate  (or  gray- 
varke  and  gravwacke  conglomerate),  1280  feet;    (5)  limestone,  300  feet;    (6) 
ipper  slate    conglomerate   (or  gra\'wacke  and  gra\-wacke  conglomerate),  3000 
feet;    u)  red  quartzite,  2300  feet;    (8)  red  jasper  conglomerate,  2150  feet;    (9) 
lime  quartzite,  2970  feet;    (10)  yellow  cherty  limestone,  200  feet;    (13)  white 
<iiiartzite,  400  feet ;  total,  18,0(X)  feet.    Sonjc  of  this  is  now  classed  as  Animikean. 
The  first   five  of  the  above  formations,  with  an  aggregate  thickness  of  about 
SOW  feet ,  were  formerly  regarded  as  "  Lower  Huronian  "  *  and  the  others  as  "  Upper 
Huronian."      It  is  now  considered  possible  that  all  may  be  Huronian,  as  that 
lenn  is  here  used.'    The  basal  member  of  this  series  rests  on  the  Archean  uncon- 
fnrmaUy,  and  there  appears  to  be  an  unconformity  between  the  fifth  and  sixth 
members.     The  uppermost  member  is  overlain  unconformably  by  Cambrian  beds. 
It  is  to  be  borne  in  mind  that  the  series  of  rocks  here  included  imder  the  Huro- 
nian have  but  recently  been  di^nded  into  two  sj'stems,  and  that,  if  future  work 
ibaU  show  that  the  break  between  them  is  important  and  general,  rather  than 
lr>ral,  one  of  the  di^'isions  will  doubtless  receive  an  appropriate  name  and  take  its 
piare  in  the  series  along  with  Huronian,  Animikean,  and  Keweenawan. 

Erosion  of  the  deformed  Huronian  system. — The  deformation  of 
the  Huronian  formations  at  the  close  of  the  period  brought  considerable 
ireas  of  what  had  been  the  sites  of  sedimentation  into  positions  favor- 
ibie  for  erosion.  The  extent  of  these  areas  is  unknown,  and  is  likelv 
to  remain  so,  since  most  of  the  Huronian  strata  are  now  covered  by 
kter  beds  which  effectively  conceal  much  of  the  eroded  surface  of 
the  Huronian,  and  prevent  the  determination  of  its  extent.  The 
period  of  erosion  which  followed  seems  to  have  been  long,  but  its  dura- 
tion cannot  be  acciu'ately  measured.  It  is  certain  that  great  thicknesses 
of  the  seclimentarj'  beds  were  carried  away,  for  the  stubs  of  great  folds^ 

»  Lot^mn,  Rept.  of  Progress  of  the  Geol.  Surv.  of  Canada,  1863.  Van  Rise,  16th 
KiOL  Rept.,  Pt.  I,  r.  S.  Geol.  Surv.,  p.  776. 

•  Van  Hise,  Bull  86,  U.  S.  Geol.  Sur>'.     See  also  Jour,  of  Geol.,  Vol.  XIII,  p.  98. 

'  Coleman,  American  Geologist,  Vol.  XXIX,  1902,  pp.  327-334.  Willmott,  Am. 
GcoL,  VoL  XX^^II,  pp.  14-19,  thinks  most  of  this  Huronian  equivalent  to  the  "Upper" 
Hmooian  of  Canadian  geologists. 
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truncated  before  the  deposition  of  the  next  succeeding 
that  thousands  of  feet  of  sedimentary  rock  must  have 
from  their  crests.  Such  remnants  of  this  formation  as  eg 
tion  are  in  some  places  known  to  possess  a  thickness 
feet  (Marquette  district  of  northern  Michigan),  and  if  a 
Huronian  of  the  area  north  of  Lake  Huron  be  Huroni 
meaning  of  the  term  as  here  used,  the  thickness  is  18,0< 
other  places  the  Huronian  strata  were  completely  rem 
with  an  unknown  thickness  of  the  Archean  below, 
such  data  as  are  at  command  touching  this  question,  it 
improbable  that  the  erosion  interval  which  followed  th 
Huronian  beds  was  as  protracted  as  the  interval  duri 
accumulated. 

The  erosion  of  a  land  surface  implies  sedimentation 
ders.  The  materials  worn  from  the  Archean  and  Huroi 
during  this  period  of  erosion  were  probably  carried  to 
main,  and  deposited  chiefly  near  its  shores;  but  where  t 
during  this  time  there  are  no  means  of  knowing,  since  th 
made  seem  to  have  been  covered,  in  large  measure,  by  1 
and  not  since  exposed. 

Contemporaneous  events  elsewhere. — The  process^ 
going  on  about  Lake  Superior  were  doubtless  in  operati- 
other  land-mass  of  the  time;  but  it  does  not  necessai 
the  areas  of  sedimentation  were  extended  and  contr 
regions  just  as  they  were  about  Lake  Superior.  It  is  a 
ally  observed  in  geological  nomenclature  that  the  nan 
series  or  a  formation  in  one  place  is  not  given  to  a  series 
in  another,  unless  there  is  strong  reason  for  believing  the  t' 
contemporaneous,  or  essentially  contemporaneous,  in 
therefore,  there  are  rocks  in  other  localities  which  doubt 
in  ago  with  the  Huronian  of  Lake  Superior,  their  contempc 
bec^n  i)rove(l,  and  the  term  Huronian  is  not  generally  ap 

•  Auto,  p.  151. 

'For  11  fuller  description  of  the  "Lower"  Huronian  of  the  Lai 
and  of  the  early  Algonkian  of  other  regions,  see  Van  Hise,  Bull.  8* 
Monos.  XIX.  XXVIII,  XLIII,  and  XL,  and  the  21st  Ann.  Kept.,  Pt.  IJ 
I'ur  a  diacusMion  of  the  principles  involved  in  the  study  of  complc 
fi)fwilif(»rouH  n>ck8,  such  as  the  Archean  and  Algonkian  of  Lake  Suj 
tion,  Irving,  7th  Ann.  Kept.,  V.  S.  Geol.  Surv. 
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The  Animikean  system. 
(The  Upper  HuronisD  of  BOmc  authors.) 

Gencxal  fdations. — After  erosion  had  long  operated  on  the  de- 
fonned  Huroniaa  rocks,  much  of  the  area  about  Lake  Superior  again 
became  the  site  of  deposition.  Hie  ctiange  was  probably  brought 
ibout  by  slow  subsidence,  and  as  it  pre^essed,  the  aea  appears  to 
have  encroaclied  upon  the  areas  which,  while  land,  had  suiTered  ex- 
teoave  erosion.  Meanwhile  great  areas  of  the  earth's  surface  prob- 
tiAy  remained  continuously  under  water,  and  were  the  sites  of  deposi- 
tion. Sedimentation  was  renewed  in  the  Lake  Superior  region,  prob- 
ibly  under  conditions  similar  to  those  which  existed  at  the  be^nning 
of  the  Huronian  period.  With  the  renewal  of  sedimentation,  there  was 
be^un  a  second  series  of  sedimentary  beds  lying  on  the  eroded  sur- 
face of  the  first. 

While  the  Animikean  series  is,  as  a  rule,  unconformable  on  the 
Huronian  where  their  contact  is  seen,  it  does  not  follow  that  this  is 


^^r^W:ty0^ 


Fk  6A. — Diafcr&m  abowing  same  area  as  Fife.  f>~.  after  Ruh.sideDCC,  which  allows  of 
•cdiBOMitatioii  over  a  part  of  the  eroded  surface  of  H.  .\i  the  right  the  sediments 
t  are  conformable  on  //;  at  the  left,  sedimenta  A  are  imconformable  on  II. 

their  universal  relationship.  WTierever  the  Huronian  formations  were 
not  exposed  to  erosion  before  the  deposition  of  the  next  succeeding 
spfies.  their  relation  to  the  Animikean  must  be  one  of  conformity, 
Tlie  area  of  conformity,  the  whole  earth  considered,  must  be  far  greater 
ihan  the  area  of  unconformity,  though  the  latter  is  the  rule  where 
•Jie  contact  of  the  two  systems  is  known.  In  some  parts  of  the  Lake 
Superior  region  the  subsidence  of  the  Animikean  period  appears  to  have 
Wn  so  great  that  the  sea  covered  the  whole  of  the  Huronian  series, 
*sd  reached  the  Archean  beyond.  In  such  places  Animikean  sedi- 
an.t3  wwe  depoated  on  the  Archean. 

Coopoiitioii. — ^The  source  of  material  of  the  Animikean  system  is 
r?a.£h-  iinderBtood.  All  the  exposed  Archean  and  all  the  exposed 
Han-mian  formations  probably  made  their  contributions.    Sediments 
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precipitated  from  solution  also  seem  to  have  entered  int 
as  in  the  ease  of  the  iron-bearing  formations.  The  clu 
beds  as  first  laid  down  was  much  the  same  as  that  of  1 
The  fact  that  the  succession  of  clastic  formations  is  no 
different  parts  of  the  region  shows  that  the  conditions  of 
varied  from  point  to  point  about  the  ancient  lands,  ev 
Lake  Superior  region. 

Certain  characteristics  of  some  of  the  rocks  of  this  s 
special  mention.  Within  the  system  there  are  consi< 
nesses  of  black  shale,  the  color  of  which  is  due  to  the  pres< 
often  in  considerable  quantity.  Where  the  rocks  are  hi| 
phic,  the  black  shale  has  been  changed  to  graphitic  scL 
tent  of  carl)on  is  thought  to  imply  the  existence  of  1 
fossils  have  been  found  in  the  Lake  Superior  region. 

Another  peculiar  and  important  part  of  the  syste 
ore.  Here  belong  the  iron  ores  of  the  Mesabi  (Minn.), 
bic  (Wis.  and  Mich.),  and  Menominee  (chiefly  Mich.)  i 
the  Archean  and  Huronian,  the  ore  is  in  the  form  of  ferri 
hematite,  Fe203),  but,  as  in  those  systems,  the  ferrugiD 
originally  consisted  of  iron-bearing  cherty  carbonates, 
containing  ferrous  silicate.  In  so  far  as  the  iron  wa 
both  its  original  form  and  the  changes  through  whicl 
seem  to  imply  the  existence  of  life  during  the  period  ( 

Igneous  rocks. — ^There  is  reason  to  believe  that  igne 
active  during  the  period,  and  that  lavas  were  sometime 
the  beds,  and  into  the  Archean  and  Huronian  bene? 
amount  of  igneous  rock  associated  with  the  system  is  g 
prodominatinp  (as  at  the  east  end  of  the  Penokee-Gogeb 
over  the  rocks  of  sedimentary  origin. 

Thickness  of  sediments  and  duration  of  the  period.- 
Aniinikean  sedimentation  continued  until  sediments  n 
of  f(vt  in  thickness  had  accumulated.  In  the  Penol 
portion  of  the  system  wliich  still  remains  after  notab 
erosion,  has  an  estimated  thickness  of  about  14,000 
n^gions  the  thickness  of  what  now  remains  is  500 
though  the  a\Trage,  where  definitely  known,  is  consici 
is  certain,  however,  that  existing  thicknesses  often  fall 
^ripnal,  for  the  portions  now  remaining  sometimes  (M 
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chow  that   they  were  deformed  and  metamorphosed  when  they  lay 

ttr  Cprobably  many  thousand  feet)  below  the  surface.    It  is  impos- 

able  to  estunate  in  years,  even  approximately,  the  <iuration  of  the 

pmotl,  but  it  may  weii  have  been  as  great  as  that  of  the  Huronian. 

Defoimatioii  and  erosioo. — After  the  Animikean  formations  had 

ittaincti  great  thicknesses,  the  bcti  on  which  they  rested  suffered  wido- 

epn-ail,  but  not  universal,  deformation,  and  as  the  sea  recctled  from  its 

I    tftmKT  shores  it  exposed  a  surface  covered  by  the  new  formations.     So 

I    soon  as  they  emergnl  from  the  sea,  they  were  subjeot  to  erosion  (Fig.  67). 


The  sediments  worn  from  them  were  carried  down  to  lower  levels  and 
(Jepoated ;  but  the  sites  of  deposition  during  the  early  part  of  this  erosion 
bterval  have  not  been  seen,  or,  if  seen,  have  not  been  recognizetl. 
Tbe  ddormatioQ  which  inaugurated  the  period  of  erosion  was  probably 
dow,  and  the  area  converted  into  land  seems  to  have  remained  alwve 
the  water  for  a  period  of  time  long  enoi^h  to  allow  of  extensile  erosion. 
Its  amount  cannot  now  be  accurately  nieasureti,  but  it  is  certain  that 
thousands  of  feet  of  rock  were  removed  from  the  surface  of  the  Ani- 
mikean sj'stem  in  many  places. 

Altcntion  of  the  rocks. — In  general  the  rocks  of  this  system  have 
been  less  metamorphosed  than  those  of  the  preceding.  This  fact,  as 
wrfl  as  the  attitude  of  the  strata,  indicates  that  they  have  been  subject 
to  lesB  dynamic  action.  In  some  regions,  as  on  the  north  shore  of 
Lake  Superior,  the  strata  are  still  approximately  horizontal;  in  others, 
!■'  on  the  st>uth  --ihore  of  Lake  Superior,  they  are  notably  <lrformcd 
Fipi,  68  and  69).  The  forces  involved  in  the  transformation  of  the 
Animikean  l>eds  affected  the  Huronian  systems  at  the  same  time,  and 
"he  metamorphism  of  the  latter  may  I  e  in  part  the  result  of  changes 
rffected  during  the  deformation  of  the  fonner.     But  while  the  Amini- 


kean  beds  are  6ti]l  shales,  sandstones,  and  conglomerates  i: 
profound  changes  during  the  deformation  which  followe 


Flo.  68.  Fig. 

Fig.  68. — Map  of  a  small  areo  in  the  Penokee-Gogebic  regioa  of  Nortl 
resion  of  important  iron  mines. 

Fia.  (K).— Section  along  the  line  Ab  of  Fig.  68.  Shows  the  rdation  o 
lierfH  to  the  Archean  in  the  Penokee-Gogebic  region.  Ai,  Archei 
(I'lilnis  formation),  Aui  (Ironwood  formation  [iron-bearing]),  and  j 
nrp  .\nimikean  formations.  Ak,  Keweenawan  formation.  Lengt 
milex.     (Van  Hise,  2l8t  Ann.  Rept.,  Pt,  III,  U.  S.  Geol.  Surv.) 

ditiou,  or  subsc(jucnt  to  it,  have  affected  them  in  othei 
these  t'omnion  sorts  of  sedimentary  rock  into  slates,  schis 

Distribution. — The  Animikean  rocks  are  most  com 
ftt  tlie  Hurface  either  about  the  borders  of  the  Archean  or  ( 
Uioiigh  isolateil  areas  of  them,  not  in  surface  associatic 
fonnallnns,  are  known  at  a  few  points  (south-central  Wis< 
weslern  Minnesotiv,  and  southeastern  South  Dakota,  et 
'Hu-ir  fX|H>st'(l  parts  do  not,  as  a  rule,  constitute  large  ari 
h'al  t'xtcut  beneath  other  formations  is  doubtless  great.  ' 
(>slrnt  was  (wt  great  iis  that  of  the  areas  of  sedimentatio 
Animikean  periml,  luid  their  present  extent  must  be  the  s 
Itlt'a  wln>nee  they  have  been  removed  by  erosion. 

'riio  foll.iwiuR  sections  of  the  Animikean  in  selected  lo( 
Uie  werii'M  \\i\n  iMM'n  studieil  in  detail,  give  some  idea  of  i 

tli>k'lliti)«  ut  Ihf  AnU&Utean. — In  the  Marquette '  region,  the  Anii 
Mni<i<ivM>'  mtIi'!'^  is  imcimfiirniable  on  the  Archean  and  HiL 
t|l\l<l<>>l  Inio  llmv  f>irnmliiiii.s:  (1)  the  Ishpeming  at  the  baae, 
ttitiiii>>>,  iti"l  v-t>  the  Cl.irkslmrg.  The  Ishpeming  formation  is  ch 
ttllh  '1  Imatil  t'l'iinliiuit-nite.  lull  it  al.«o  includes  banded  magi 
*lil^l       It"  iUU'kiii\t!t  is  I.Vid  Um  and  less.     The    Michigamme 

'  \  m  nil'.  I.Ml.   \im.  K.'pl..  V.  S.  UmI,  Sun-.,  and  Van  Hifle,  Baj 
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composed  of  ferruginous   and   non-ferruginous  muds  and  grits,  now 
ahered  into  slates,  graywackes,  schists,  and  gneisses.    The  predominant  rocks  of 
the  Clarksburg  formation  were  volcanic  flows,  tuffs,  ashes,  and  breccias,   now 
pppresented  by  greenstones.    Interbedded  with  the  greenstones  are  some  gray- 
vacke,   conglomerate,  slate,  etc.     The  formation  does  not  lie  above  the  Michi- 
gamme  formation  in  stratigraphic  sequence.    It  grades  below  into  the  Ishpem- 
ing  formation  at  some  points,  and  into  the  Michiganmie  at  others;  while  above, 
it  sometimes  grades  into  the  latter.    In  origin,  therefore,  it    was    contempor- 
aneous   with   parts  of  the    Michigamme   formation.    The    aggregate  thickness 
of  the  Upper  Marquette  series  is  not  accurately  known,  but   is   probably  more 
than    5000  feet,  and   perhaps  as  much  as  10,000  feet.     Figs.  70-72  show  the 
Illations  of  these  to  older  formations. 


Fic  70. — ^Section  showing  the  relations  of  Huronian  and  Animikean,  in  a  portion 
Oi  the  Marquette  (X  Mich.)  region,  where  eruptive  rocks  exceed  the  sedimentaries. 
H,  Huronian;  .4,  Animikean;  Ae,  eruptive  diabase.  Length  of  section,  3  miles. 
(Van   Hise,   Bayley,  Smyth,  U.  S.  Geol.  Surv.) 

The  deformation  and  metamorphism  of  the  Animikean  rocks  of  this  region 
at  the  cloae  of  this  period  was  great.  They  now  occur  in  a  great  east- west  syn- 
dnorium,  and  the  alterations  of  the  rocks  were  such  as  to  show  that  the  beds 
now  accessible  were  in  the  zone  of  combined  flowage  and  fracture,  and  there- 
fore far  below  the  surface,  when  they  were  deformed  and  metamorphosed.  In 
spite  of  the  great  changes  which  these  beds  have  suffered,  they  are  less  meta- 
morphic  than  those  of  the  Huronian  system  (Lower  Marquette)  of  the  same 
region. 

In  the  Menominee  region,^  the  Animikean  (or  Upper  Menominee)  series  includes 
(1)  the  Vulcan  formation  and  (2)  the  Hanbury  slate.  The  former,  with  a  fer- 
roginoos  basal  conglomerate,  rests  unconformably  on  older  rocks,  and  is  made 
Tsp  of  qoartzites,  ferruginous  quartzose  slates,  jaspilites,  and  iron  ores.  It  has 
1  thickness  of  600  to  700  feet.  The  Hanbury  formation  is  primarily  slaty,  but 
includes  some  iron  ore  and  ferruginous  chert,  and  has  a  thickness  of  perhaps 
300O  to  3000  feet.  The  series  is  closely  folded  and  much  metamorphosed.  The 
(fistinction  between  it  and  the  Huronian  is  much  less  than  in  the  Marquette 
netjon.  They  are  separated  mainly  because  of  the  basal  conglomerate  at  the 
bottom  of  the  series. 

The  Animikean  83rstem  is  represented  in  the  Crystal  Falls  district  of  Michigan  ' 
by  the  Michigamme  formation,  unconformable  on  the  Huronian.    Slates,  mica 


^  \  an  Hise  and  Bayley,  Menominee  folio,  U.  S.  Geol.  Sun-. 
=  Van  ro»,  2l8t  Ann.  Rept.,  U.  S.  Geol.  Surv. ;  and  Van  Hise,  and  Clements,  Sm3rth. 
tod  Bavlev,  Mono.  XXX\1,  U.  S.  Geol.  Sur>'. 
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actusta,  ferruginous  cherts,  actinolite  and  griineiite  Bchiste,  ani 
iDcluded  in  the  formation.  The  sedimentary  beds  are  affected 
rocks  of  which  range  from  acid  to  ultra-bade.  The  thickness  ol 
is  about  2000  feet. 


Pig  71  — Map  showing  tlie  surface  relations  of  Areliean,  Hunmian, 
formations  in  a  small  area  in  northtrn  Michigan.  At^,  Arehe 
( \jib]  k  quart zite)  4  is  (Siamo  slate),  and  Aln(  N^aunee  [iron-bearin, 
Huronian  formations  lut  (Islipeming  fonnatibn)  and  Aum  (Mic 
tion)  are  Animikean  fonnation''  ied.  eruptive  diabase  or  dio. 
area  3  milea     (\an  Hiso  Ba)le%,  and  Smjth,  U.  S.  Geol.  Surv.; 

In  Ike  Pmolee-Gogebtc  region  of  ^  isconsm  and  Michigan  ' 
consists  of  (1)  the  Palms  formation  below  a  quartz  slate  formal 
conglomerate,  resting  unconfonnablj    on   the   Huronian  or  the 


Fia  72— Section  alo  g  tie  Une    ib  of  Fig    71 


havinK  a  thiokncM  of  300-800  feet  (2)  the  Ironwood  formatio 
(li)  I'liiTly  iron  ciirlMmalc  (6)  ferruginous  slates  and  cherts  an 
Hiid  iiiiiK>iclili['  NlnlcM.     Mi<    ilurt}   iron  carbonate  represents  tl 

,  U.  S.  Geol.  Surv.;  Irvin 
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£tion  of  the  formation,  the  others  being  secondary  phases.  Iron  ore  (iron  oxide) 
is  found  in  the  lo^iTr  part  of  the  formation,  usually  just  above  the  Palms  for* 
mmtion.  The  Ironwood  formation  has  a  thickness  of  about  850  feet.  The  upper* 
most  formation  of  the  series  is  (3)  the  Tyler  slate,  locally  altered  to  schists 
The  thickness  of  this  formation  exceeds  12,000  feet.  The  structure  of  the  Animi- 
kran  of  this  region  is  monoclinal  (dip  of  GO""  to  70^),  but  a  series  of  transverse 
U  Ids  has  been  superposed  on  the  monoclinal  structure. 

In  the  Mesabi  region ^^  the  Animikean  includes  three  formations.     In  ascend* 
inz  order  these  are  (1)  the  Pokegama  quartzite,  with  basal  conglomerate,  rest- 


Fk.  72a. — yiap  showing  (in  black)  the  position  of  the  iron-producing  areas  in  the 
L&ke  Superior  region.  1,  Micliipicoten  district;  2,  Kamanistquia  and  Matawin 
district;  3,  Steep  Rock  Lake  and  Attikokan  district;  4,  Vemiilion  district;  5. 
Mesali  cfistrict;  6,  Penokee — Gogebic  district;  7,  8,  and  9,  Marquette,  Crystal 
FaUs,  and  Menominee  districts. 

inj!  unctmformably  on  Archean  and  Huronian,  0-500  feet  thick;  (2)  the  Biwabik 
firoD-bearing)  formation,  consisting  of  cherts,  with  ferruginous  slates,  quart zites, 
md  iron  ores  Oro^o^^s).  The  formation  from  which  these  varieties  of  rock 
iwe  derived  consisted  largely  of  granules  of  green  ferrous  silicate,  to  which  the 
Bune  GreenaliU  has  been  given.  The  thickness  of  the  Biwabik  formation  may 
nnge  from  200  to  2000  feet.  Locally  it  is  profoundly  metamorphosed  by  con- 
Uct  with  the  gabbro  and  granite  of  the  Keweenawan  series.    Above  the  Biwabik 

» Lcith,  Mono.  XLIII.  U.  S.  Geol.  Surv. 
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formation  is  (3)  the  Virginia  slate,  which  includes,  besides  sla 
wacke,  and  some  limestone.  Its  thickness  has  not  been  detem 
Biwabik  formation,  it  is  locally  metamorphosed  by  igneous  c( 
beds  dip  south  and  southeast  at  angles  of  5°  to  20^.  The  d 
gently  cross  folded,  the  axes  of  the  folds  pitching  south.  Tl: 
of  the  series  with  older  rocks  is  shown  by  (1)  basal  conglomerj 
ance  of  dip,  (3)  differences  in  amount  of  deformation  and  metam< 
tribution,  and  (5)  relations  to  intrusive  rocks. 

In  the  Vermilion  region,^  the  Animikean  series  consists  of  twc 
able  members,  the  Gunflint  formation  below,  and  the  Rove 
above.  The  former  (=  the  Biwabik  of  the  Mesabi  region)  is 
and  granular  quartzose  bands  with  more  or  less  carbonate,  bands 
netic  chert,  and  quartz  with  cr3rstals  of  actinolite,  griinerite,  et( 
more  or  less  iron  carbonate,  magnetite,  hematite,  and  limonite  (r 
valuable).  The  formation  has  been  estimated  to  be  something 
thickness.  The  Rove  slate  formation  (probably  =  the  Virginia  f 
Mesabi  region)  has,  in  addition  to  the  slate,  some  graywacke  and 
and  is  locally  metamorphosed  by  igneous  content.  The  systei 
some  igneous  rock.  Its  thickness  is  undetermined.  The  structu 
is  rather  simple,  being  largely  monoc.inal. 

Iron  ore  in  the  Lake  Superior  region. 

Production. — The  region  about  Lake  Superior  yields 
than  any  other  area  of  equal  size  in  the  world.  The 
of  the  region  has  nearly  trebled  in  ten  years.  In  1902, 
production  of  ore  from  that  part  of  this  region  which  1 
United  States  was  26,977,404  long  tons.2  This  is  abou 
of  all  that  was  produced  in  the  United  States  that  ye£ 
Mesabi  region  produced  nearly  one-half.  In  1900,  the  last 
statistics  for  other  countries  are  available,  the  iron  ore  p: 
Lake  Superior  region  of  the  United  States  was  about  1 
the  total  production  for  that  year. 

Geologic  positions. — The  ores  of  this  region  are  partly  i 
as  in  the  Vermilion  region  of  Minnesota,  partly  in  the 
in  the  Marquette  region  of  Michigan,  but  most  largely  in  t 
as  in  the  Menominee  and  Gogebic  regions  of  Michigan  a 
in  the  Mesabi  region  of  Minnesota,  and  some  of  those  in 
region.  The  following  table  gives  the  production  in  tons  f< 
regions  for  the  ten  years  preceding  1902 : 

*  Clements,  Mono.  XLV,  U.  S.  Geol.  Surv. 

*  Mineral  Resources  of  the  United  States  for  1902. 
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Reference  has  already  been  made  on  preceding  pages  (p.  130  and 
p.  176)  to  the  origin  of  the  ores,  and  to  the  literature  (p.  179)  bearing 


Fi«  73   and   74. — Figuren  sliowitig  detormntion   and   disruplio: 

^pramerLi  of  iaspilite  orp  from  Jasper  Hlnff,  Ishpcmiiig,  Mich.     (Van  Ilise,  Bavley. 
and  Smrth,  Mono.  XXVllI,  V.  S.  Gcol.  Sur\.) 

on  the  subject.    Figs.  73  and  74  illustrate  on  a  large  scale  the  association 
of  iron  ore  and  jaspilite  in  tlie  Marquette  region,  ami  at  the  same 
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time  give  some  idea  of  the  deformation  and  disruptior 
Huronian  rocks  have  been  subject. 

The  Keweenawan  system. 

Constitution  and  thickness. — Overlying  the  Animike 
conformably,  there  is,  in  some  parts  of  the  Lake  Sup 
third  series  of  pre-Cambrian  rocks,  the  Keweenawar 
Keweenaw  Point  (N.  Mich.)  is  shown  in  Fig.  75,  and  a 
Keweenawan  system  in  Fig.  76.  The  maximum  thicknes 
has  been  estimated  at  nearly  50,000  feet,  but  it  is  not  i 
this  estimate  is  an  exaggerated  one.  If  it  be  correct,  th 
is  the  thickest  body  of  post-Archean  rock  referred  to  a 
This  seemingly  incredible  thickness  may  merely  mean 
sition,  with  subsequent  tilting  and  shearing,  as  explaij 
and  the  estimate  be  altogether  correct. 

The  lower  and  thicker  portion  of  the  system  is  mad 
igneous  rock,  representing  a  succession  of  lava  flows  ; 
while  the  upper  part  is  chiefly  sedimentary.    The  earUe 
seem  to  have  occurred  on  the  land,  and  to  have  succeed 
at  short  intervals,  for  the  surface  of  one  flow  was  not  se 
by  surface  agencies  before  the  next  overspread  it.    In  p 
aceous  surface  of  a  flow  is  still  preserved  beneath  that  n 
and  serves  to  distinguish  one  lava  flow  from  another, 
period,  the  intervals  between  the  flows  of  lava  appear  1 
longer,  and  thin  beds  of  sediment  were  deposited  bet^ 
sheets  of  igneous  rock.    Still  higher  in  the  series,  t. 
beds  increase  in  importance,  while  the  thickness  of  1 
lava  beds  becomes  less,  imtil,  in  the  upper  part  of  1 
lava  Ix^ds  fail  altogether,  and  there  follows  a  successio 
and  c(^nglomerates  having  an  estimated  maximum  thi( 
thing  like  15,000  feet. 

The  igneous  rocks  of  the  system  consist  principally 
bases,  and  porphyries,  but  other  varieties  are  also  presen 
is  greater  in  the  upper  part  of  the  igneous  division  thai 

The  seilimentary  rocks  associated  with  the  igneous 

*  A  gt^noRil  account  of  this  series  is  given  in  Vol.  I,  Geology  < 
stH^  alst>  other  Wisconsin  and  Michigan  reports,  and  Mono.  V,  U. 
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194  GEOLOGY. 

them  were  largely  derived  from  the  igneous  rock  itself.    ' 
is  such  as  to  indicate  that  they  accumulated  rapidly, 
enormous  thickness,  therefore,  it  is  not  clear  that  this  g 
occupied  more  time  in  its  formation  than  either  of  th 
preceded,  and  perhaps  not  as  much. 

In  the  valley  of  the  St.  Croix  river,  in  northwestern 
the  adjacent  parts  of  Minnesota,  there  are  said  to  be  65 
5  conglomerate  beds  in  succession,  with  neither  top  nor  b( 
The  aggregate  thickness  of  the  exposed  part  of  the 
locality  has  been  estimated  at  20,000  feet. 

Some  of  the  igneous  rocks,  such  as  the  gabbros  of 
and  Mesabi^  regions,  are  intrusive   (laccolithic),  whil 
the  St.  Croix  valley,  represent  fissure  eruptions.    The 
bros  and  granites  of  the  Mesabi  region  have  occasioned 
morphism  in  the  rocks  into  which  they  were  intruded 
(Duluth)  of  the  Vcrniilion  region  contain  masses  of  ti 
netite,  believed  to  have  arisen  from  segregation  in  the  • 
The  magnetite  is  not  of  commercial  value.     Eikes  and 
of  acid  igneous  rocks  affect  the  more  basic  portions,  ant 
occurrence. 

Deformative  movements. — ^The  sedimentary  part  of 
wan  series  has  usually  been  thought  to  imply  marir 
but  the  sediments  may  have  been  accumulated  in  an  ir 
may  be  more  or  less  subaerial.     If  they  are  marine,  tl 
ness  and  their  derivation  mainly  from  the  lavas  of 
seem  to  imply  crustal  warping  throughout  the  perio 
erosion  fields  and  furnish  the  necessary  sites  for  thei 
they  are  merely  lodgment  deposits  on  the  low  lava  slo] 
little   movement  need  be  assumed   during  their   dep 
subsequent  deformation  need  only  have  been  simple 
mild,  while  the  thickness  is  not  incredible  (see  p.  260' 
view  it  was  probably  during  and  at  the  close  of  this 
Lake  Superior  syncline  (Fig.  77)  was  formed,  in  pa 
the  Keweenawan  rocks  tilted  toward  its  axis,  both 
and  south.     It  is  not  to  Ix*  understood  that  this  syncli 

»  Hall,  HuU.  Geol.  Soc.  Am.,  Vol.  XII,  pp.  313-e 
'  Clements,  Mono.  XLV,  U.  S.  Geol.  Surv. 
» Leith,  Mono.  XLIII,  U.  S.  Geol.  Sur\\ 
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196  GEOLOGY, 

a  surface  depression  since  this  time.  On  the  contrary 
sequently  filled  with  sedimentary  beds,  and  the  depres 
by  the  present  lake  is  the  result  of  subsequent  excavat 
relatively  recent  origin.  The  deep  bowing  of  the  seria* 
part,  the  distribution  of  the  exposed  portions  of  the 
system,  which  comes  to  the  surface  chiefly  about  the  ] 
syncline  (Fig.  77).  As  originally  laid  down,  the  system 
of  covering  all  of  the  Animikean,  and  its  distribution,  c 
that  of  the  preceding  systems,  seems  to  indicate  that  t 
of  the  northern  interior  were  more  extensive  in  the  Kewe 
than  during  either  of  the  periods  preceding. 

After  the  accumulation  of  the  enormous  thicknesses  o: 
sediments,  the  region  about  Lake  Superior  suffered  defon 
ently  in  common  with  other  parts  of  the  continent,  anc 
regarded  as  marking  the  end,  or  the  beginning  of  the  er 
terozoic  era  in  this  region. 

As  a  result  of  the  deformation  at  the  close  of  the 
some  parts  of  the  area  where  Keweenawan  sediments  had 
were  brought  into  such  an  attitude  as  to  be  subject  to  er 
change  did  not  cause  great  deformation  of  the  strata.    1 
ally  tilted,  and  locally,  folded  and  faulted  as  well  (Fig 
though  this  is  not  the  rule.    In  keeping  with  their  struc 
are  not  metamorphic.    The  sandstones,  graywackes,  and 
are   sandstones,  graywackes,  and   conglomerates   still, 
rock  of  the  series  likewise  remains,  for  the  most  part, 
state,  not  ha\'ing  been  made  schistose  after  the  fashion 
rocks  intruded  into  the  Huronian,  and  to  a  lesser  e 
Animikean  system. 

After  the  warping  which  followed  the  deposition  < 
nawan  formation,  the  exposed  surfaces  of  Keweenawi 
Huronian,  and  Archean  rocks  suffered  protracted  erosic 
the  land  about  Lake  Superior  again  sank,  and  when 
back,  a  new  series  of  sedimentary  beds  was  deposite 
bly  on  the  eroded  surface  of  those  which  had  preced 
sea  came  back,  its  waters  teemed  with  life,  for  the 
deposited  contains  abundant  fossils.  This  abundant 
formation,  resting  unconformably  on  those  which  ha 
classed  \vith  the  Cambrian  system,  the  oldest  system  c 
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198  GEOLOGY. 

era.    It  is  because  of  the  difference  in  the  rocks,  fauna 
below  and  above  the  post-Keweenawan-pre-Cambrian 
as  much  as  because  of  the  greatness  of  the  physical  cha 
it,  that  the  close  of  the  Keweenawan  is  taken  to  mark 
era,  rather  than  simply  the  end  of  a  period. 

Copper. — ^The  Keweenawan  system  contains  the  n 
deposits  of  native  copper  known.  The  metal  occurs  in 
cracks  of  the  igneous  rock,  but  more  abundantly  in 
between  the  pebbles  and  grains  of  some  parts  of  the  sed 
In  the  conglomerate  at  some  of  the  richer  mines,  the  cop 
dant  as  to  be  one  of  the  important  cementing  materia 
In  its  present  form,  it  is  believed  to  be  a  precipitate 
solution,  and  to  have  been  concentrated  in  its  preser 
ground  water.  The  original  source  of  the  metal  was 
igneous  rock  itself.     The  date  of  concentration  is  un 

In  1875  the  Keweenawan  formation  of  northern  Mi 
16,089  tons  of  copper,  or  about  90  per  cent,  of  all  that 
in  the  United  States.  In  1901,  the  same  area  yielde 
This  was  about  26  per  cent,  of  the  copper  produced  i 
that  year.2 

General  Considerations  Concerning  the   Lakb 

Proterozoic. 

Duration  of  time. — It  is  difficult  adequately  to  c( 
enormous  lapse  of  time  involved  in  the  accumulation 
thicknesses  of  rock  as.  have  been  referred  to  in  the  prece 
none  of  the  estimates  are  exaggerated,  there  is  an  agg 
than  30,000  feet  of  sedimentary  rocks  in  the  Protei 
The  accumulation  of  such  thicknesses  of  sediment  woulc 
a  vast  lapse  of  time,  and  when  it  is  remembered  that  tb 
are  separated  from  one  another  by  unconformities, 
may  represent  a  time  interval  as  long  as  that  involved  ir 
tion  of  a  system,  and  that  at  least  some  part  of  the  tine 
the  imconformities  below  the  Huronian  and  above  th 
were  developed  is  to  be  assigned  to  the  Proterozoic,  it 

*  For  discussions  concerning  the  copper,  see  Pumpelly,  Geol.  Sui 
18()9-73,  pp.  19-46;  Irving  and  Van  Hise,  Mono.  V,  U.  S.  Geol.  Sun 
Vol.  I,  Geology  of  Wisconsin. 

2  Mineral  Statistics  for  1902,  U.  S.  Geol.  Surv. 
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that  the  duration  of  the  Proterozoic  era  was  exceedingly  great.  If 
length  of  time  niay  be  estimated  from  thicknesses  of  sedimentary  beds, 
the  duration  of  the  era  is  comparable  to  all  succeeding  time.^  It  is  at 
present  impossible  to  state  the  length  of  geological  periods  in  numer- 
ical terms,  but  it  would  appear  that  the  duration  of  the  Proterozoic 
en  should  be  spoken  of  in  terms  of  millions  or  tens  of  millions  of  years, 
nther  than  in  terms  of  a  lesser  denomination. 

The  sources  of  the  sediments. — ^It  should  also  be  noted  that  these 
enraoniinarily  thick  beds  of  sediment  mean  the  destruction  of  a  still 
brger  amount  of  some  older  rock.  The  volume  of  rock  destroyed 
must  have  exceeded  the  fragmental  product  deposited  by  the  amount 
of  mineral  matter  which  remained  in  solution  in  the  sea  at  the  close 
of  the  period,  together  with  such  amount  as  had  been  carried  down  by 
ground  water  to  levels  below  the  surface,  and  there  deposited. 

It  is  important  to  note  further  that  a  large  portion  of  the  sedi- 
ments was  produced  by  mature  decomposition  of  older  rocks,  and 
this  implies  that  they  were  not  derived  by  rapid  mechanical  abrasion 
nrh  a^  that  which  accompanies  and  follows  great  elevation  and  exces- 
■Te  precipitation.  The  great  series  of  quartzites  were  derived  from 
the  complete  decomposition  of  quartz-bearing  rocks,  and  involved 
the  almost  complete  separation  of  the  quartz  grains  from  other  con- 
stituents, while  the  thick  beds  of  shale  arose  from  the  complementary 
riayey  products  of  decomposition,  from  which  most  of  the  basic  oxides 
ka-l  been  removed  by  carbonation.  It  is  scarcely  too  much  to  say 
that  the  materials  of  the  larger  part  of  these  great  series  first  became 
soils  on  the  surface  of  the  parent  areas,  and  were  only  removed  at 
I  rate  that  permitted  the  renewal  of  the  soil  beneath  as  fast  as  it  was 
vashe«i  away  above.  This  mode  of  derivation  is  perhaps  the  most 
imponant  distinction  between  the  Proterozoic  series,  as  a  whole,  and 
the  .\rchean. 

The  sediments  involved  in  the  Huronian  formations  were  derived 
iT>ni  the  Archean;  those  involved  in  the  Animikean,  from  the  Archean 
ind  Huronian.  It  follows  that  the  Animikean  system  had  its  ultimate 
vigin  in  the  Archean,  except  in  so  far  as  it  was  derived  from  igneous 
■ock  intruded  into  the  Huronian  during  or  after  the  formation  of  that 
system.  If  the  Archean  lands  in  the  \icimty  of  Lake  Superior  were 
npli  enough  at  any  one  time  to  give  origin  to  the  thick  sediments 

«  Van  Hise,  Bull.  86.  U.  S.  Geol.  Sun-.,  p.  491. 
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involved  in  the  Huronian  and  Animikean  systems,  their 
perhaps  have  surpassed  any  elevation  now  existing  on 
the  earth.  It  is  not  probable,  however,  that  such  enorm 
existed  at  any  time.  It  is  more  probable  that  as  erosi 
the  land  itself  reacted  by  rising  slowly,  or  that  further 
place,  or  that  the  sea  bottom  sank,  drawing  off  the  watei 
the  land  relatively  higher.  In  this  way,  degradation 
may  have  been  in  progress  at  the  same  time,  and  the  on« 
never  have  got  far  ahead  of  the  other.  It  is  even  belie 
geologists  that  the  removal  of  sediments  in  large  quant 
land  would  allow  it  to  rise,  and  that  their  deposition  on 
tom  would  cause  that  to  sink.    This  doctrine  is  know 

Succession  of  events. — Reviewing  the  succession  of 
Lake  Superior  region,  we  find  (1)  that  the  land  was  high 
the  Archean  rocks  came  into  position  for  its  siuface  to 
and  that  the  period  of  erosion  was  long,  but  that  the  sites 
sedimentation  are  unknown.  (2)  The  Archean  land  1 
was  so  eroded  or  deformed  as  to  permit  the  deposition 
Huronian  (p.  161)  sediments  on  portions  of  its  eroded 
The  area  of  the  former  Archean  land,  together  with  the  Lc 
beds  about  it,  was  again  brought  into  such  an  attitud 
by  crustal  warping,  that  it  was  subject  to  a  long  period  oi 
contemporaneous  sedimentation  elsewhere.  During  the 
deformation,  the  rocks  involved  were  metamorphosed, 
land  seems  to  have  sunk,  allowing  the  sea  (or  at  any  n 
for  deposition)  to  cover  a  large  part  of  the  territory  wl 
above  sea  level,  and  to  deposit  upon  its  eroded  surface  th 
the  Middle  Huronian  system.  (5)  After  this  period  of  .* 
the  land  seems  to  have  emerged,  exposing  the  landw 
the  Middle  Huronian  system,  and  all  the  older  rocks  not 
to  erosion.  (6)  Submergence  of  the  eroded  surface  c 
Huronian  was  followed  by  the  deposition  of  the  Anim 
(7)  This  newly  deposited  system  then  emerged  over  gr< 
was  exposed  to  erosion.  This  emergence  was  accompa 
deformation  and  metamorphism.  At  various  stages  in 
of  these  changes  there  were  intrusions  and  extrusions  of 
a  scale  that  the  aggregate  amount  of  igneous  rock  aj 
the  sedimentary  is  very  great.      The  igneous  activity 
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netamorphism  of  the  swlimentan'  portions  of  the  Huronian  and 
ikean  systems.  (8)  After  erosion  of  the  emerged  Animikean 
Bi  had  gone  on  for  a  long  period  of  time,  flows  of  lava  of  unprec- 
cd  magnitude  were  poured  out  upon  the  surface  of  the  land 
considerable  areas  and  intruded  into  the  existing  terranes.  (9) 
e  the  outflows  ceased,  sedimentation  began  again  in  the  region 
poon  predominated.  Even  this  long  category  of  physical  events 
lewhat  inatleijuate,  since  there  are  local  unconformities  at  various 
?.  representing  minor  disturbances  of  undetenninod  extent,  and 
miiior  changes  are  probably  unrecorcknl,  or  their  recorils  unrecog- 

• 

will  be  seen  that  oscillations  of  level  were  one  of  the  marked 
ct eristics   of   the  Lake  Superior  region  during  the  Proterozoic 

It  will  be  seen  in  the  sequel  that  this  is  a  characteristic  confincnl 
»r  to  this  period  nor  to  this  region.     All  geological  history  indi- 

that  changes  of  the  relations  of  sea  and  land  are  among  the  nota- 
rcnts  of  the  earth's  historj-,  from  the  beginning  even  to  the  present 
Since  many  other  changes  are  dependent  on  them,  they  are 
^t  to  furnish  the  best  basis  for  the  subdivisions  of  earth  histor>\ 
i  is  not  now  possible  to  determine,  even  approximately,  either  the 

or  the  \'ertical  extent  of  the  crustal  oscillations  which  took  place 
ig  the  Proterozoic  era,  but  the  extent  of  the  area  in  North  America 
1  became  land  at  the  close  of  the  Keweenawan — that  is,  at  the 

of  the  Proterozoic — ^has  been  estimated  with  sufficient  accuracy 
ake  its  cartographic  representation  instructive  (Fig.  90). 
[ietainorphism. — ^It  has  been  pointed  out  that  the  Huronian  rocks 
on  the  whole,  more  highly  metamorphosed  than  the  Animikean, 
i  the  Keweenawan  formations  are  metamorphosed  scarcely  at  all. 
be  other  hand,  the  Animikean  beds  are  locally  as  highly  metamor- 
as  the  Huronian,  indicating  intense  dynamic  action,  at  least  locally, 

the  deposition  of  the  second  great  s}\stem.  Since  different  sorts 
t  behave  differently  imder  djTiamic  action,  it  follows  that  some 
much  more  highly  metamorphic  than  others  associated  \\'ith 
I,  even  though  subjected  to  the  same  forces.  Independent  of 
-ences  due  to  variations  in  the  character  of  the  rock,  metamorphism 
isually  been  intense  about  massive  intrusions  of  igneous  rock. 
here  is  scarcely  a  phase  of  metamorphism  wliich  the  Proterozoic 
J  do  not  show.  The  schists,  slates,  and  gneisses  are  especially 
foduct  of  djTiamic  metamorphism;  the  quartzites  are  the  products 
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of  extreme  consolidation  by  cementation;  the  iron  ore  is 
of  metasomatism,  effected  by  ground  waters;  while  oth 
metamorphism  are  due  to  the  heat  of  intruded  rock.  It 
understood  that  the  metamorphism  of  any  considerable  1 
is  effected  by  any  one  process  alone.  Dynamic  action, 
on  the  whole  the  most  important  force  in  metamorphism^  i 
ates  heat,  and  high  temperature,  especially  in  the  presei 
facilitates  change.  So,  too,  in  the  case  of  igneous  intr 
is  often  great  dynamic  action  as  well  as  great  heat,  an 
agent  of  chemical  change,  is  alway?  present. 

Sequence  of  events  elsewhere. — A  consonant  but  no 
identical  series  of  events  was  probably  in  progress  aboul 
Archean  area  in  North  America,  and  in  the  world,  during 
zoic  era;  but  it  does  not  follow  that  about  every  other  j 
area  three  great  systems  of  rocks  were  laid  down  during  i 
About  some  such  areas  there  may  well  have  been  two  ins 
systems  of  Proterozoic  rocks,  while  about  others,  continu 
tation  may  have  been  in  progress  from  the  beginning  of  1 
period  to  the  end  of  the  Keweenawan.  •  Each  Archean  lar 
cially  if  distant  from  others,  may  have  had  an  indepen* 
though  the  great  deformative  movements  were  probably 
is  probable  therefore  that  adjacent  Archean  areas  were 
the  same  sequence  of  events,  though  not  necessarily  to  the 
The  greater  the  separation  of  regions,  the  less  closely  are  t 
Ukely  to  correspond. 

Proterozoic  Rocks  in  Other  Regions. 

Pro-Cambrian  sedimentary  formations  occur  in  man; 
of  North  America  ^  in  relations  to  the  Archean  similar  to 
described.  On  the  whole,  it  may  be  said  that  they  reseir 
of  the  Proterozoic  systems  about  Lake  Superior  as  cloi 
be  expected  under  the  general  principles  already  enunciate 
cases  they  appear  in  surface  association  with  the  Archean 
cases  no  such  relation  exists. 

There  are  several  ways  in  which  the  areas  of  expose 

*  For  references,  see  foot-notes,  pp.  204  to  215. 
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k,  not  in  surface  iissociation  with  the  Archean,  may  have  arisen. 
If  after  the  deposition  of  the  Proterozoic  systems  the  strata 
re  folded,  certain  portions  might  have  been  brought  above  sea  level, 
istituting  land.  If  such  areas  were  never  buried,  the  present  ex- 
Hire  of  the  Proterozoic  rocks  would  be  explained.  (2)  Again, 
ing  the  long  period  of  erosion  which  succeeded  the  uplift  following 
•  time  of  Proterozoic  sedimentation,  the  surface  may  have  had  its 
lography  greatly  changed.  If  it  were  brought  to  the  condition  of 
peneplain  with  pronounced  monadnocks  standing  upon  it,  as  in 
tth-central  Wisconsin,  later  sedimentation,  accomplished  during  a 
sequent  period  of  submergence,  may  have  failed  to  bury  these 
rations.  Isolated  outcrops  of  Proterozoic  might  represent  such 
reduced  areas.  (3)  Or,  still  again,  if  the  monadnocks  were  buried, 
may  have  since  removed  the  beds  which  were  deposited  over 
(4)  Uplift  and  erosion  of  any  surface  beneath  which  the  Algon- 
n  rocks  lay,  would  have  exposed  them  without  exi)osing  the  Archean, 
vosion  were  sufficiently  deep  to  remove  all  overlying  beds,  and  not 
deep  as  to  reach  the  Archean  below. 

The  following  general  statements  concerning  the  Proterozoic  of 
ferent  localities  give  some  idea  of  its  extent  and  relations: 

■oflh  €f  Lake  Huron.— The  Proterozoic  formations  of  this  region  have  already 
n  referred  to  (p.  181).  The  Keweenawan  series  does  not  seem  to  be  repre- 
ted,  though  it  appears  but  a  short  distance  to  the  west ;  but  its  absence  vio- 
!■  no  principles  which  have  been  enunciated.  If  lava  here  failed  of  extrusion, 
I  if  the  region  was  not  in  the  attitude  necessary  for  sedimentation  during  the 
veenairan  period,  the  corresponding  system  of  rocks  should  be  absent.  The 
ita  of  this  area  are  much  less  folded  and  metamorphosed  than  the  correspond- 
formations  in  many  parts  of  the  Lake  Superior  region,  showing  that  dynamic 

was  not  equally  severe  in  different  regions,  and  that  the  degree  of  metamor- 

is  not  a  safe  criterion  by  which  to  determine  age. 
frcAt  northern  area. — In  the  extensive  area  north  of  the  Great  Lakes, 
(croxoic  rocks  are  known  to  have  wide  distribution,  and  to  be  associated  \^ith 
1  Imrper  areas  of  Archean.  The  former  often  occupy  belts  (troughs)  in  the 
er  jflee  Fig.  65)  and  their  separation  is  often  a  matter  of  difficulty.  At  some 
ita  about  Hudson  bay,  there  appear  to  be  three  systems  of  rocks  between  the 
hean  and  Cambrian,  though  it  cannot  be  asserted  that  these  systems  cor- 
^fffij  with  those  farther  south,  and  the  corresponding  names  are  not  commonly 
lied  to  them.  The  several  series  appear  to  be  separated  from  one  another 
mironformities,  and  the  lowest  series  is  believed  to  be  imconfonnable  on 
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The  eastern  provinces  of  Canada. — At  various  points  in  east 
the  province  of  Quebec,  in  New  Brunswick,  Nova  Scotia,  and 
the  Proterozoic  systems  of  rocks  are  represented.  In  the  eastei 
Canada,  there  appear  to  be  three  series  of  pre-Cambrian  rocks,  soi 
certainly  Proterozoic.  Their  relations,  however,  have  not  been  ft 
Proterozoic  rocks  occur  in  New  Brunswick,  and  in  the  southern  pi 
ince  there  appear  to  be  at  least  two  unconformable  series  of  tl: 
Scotia,  the  Proterozoic  system  seems  to  be  represented  by  abou 
sedimentary  rocks.  In  Newfoundland  there  is  a  pre-Cambrij 
series  about  10,000  feet  in  thickness  which  is  probably  Proten 
of  this  eastern  region,  the  work  has  not  been  sufficiently  detail 
definitely  the  relations  of  the  Proterozoic  and  the  Archean,  or  < 
strate  the  presence  of  the  latter.  In  some  places  the  Protero 
are  highly  metamorphic,  and  in  others  they  have  suffered  litt 
induration. 

The  original  Laurentian  area. — In  the  area  where  the  name 
first  applied,  the  area  north  of  the  Ottawa  and  St.  Lawrence 
the  cities  of  Montreal  and  Ottawa,  there  is  a  series  (the  Grenville 
metamorphic  rocks,  formerly  known  as  the  Upper  Laurentian.     *] 
series  have  been  so  profoimdly  metamorphosed  that  all  traces  « 
structure  are  lost,  but  their  composition  and  general  relations  le 
that  they  orginally  consisted  of  sedimentary  beds  and  igneous 
age  is  not  established,  but  they  are  tentatively  referred  to  the  es 
Nowhere  does  a  series  of  rocks  better  illustrate  the  effect  of  dyi 
phism.     Not  only  were  the  rocks  closely  folded  and  subjected  to 
which  accompany  close  folding,  but  along  certain  planes  they  ^ 
fragments,  and  by  movements  along  these  planes  the  resistant 
rounded  so  as  to  resemble  pebbles.    Thus  arose  layers  resembling 
On  re-cementation,  such  rocks  are  called  atUoclastic.     In  many  c 
were  subsequently  flattened  by  the  intense  pressure  to  which 
jected.    The  Proterozoic  of  this  district,  so  far  as  known,  consists  c 
on  which  the  Cambrian  rests  unconformably. 

In  the  Hastings  districty  southwest  of  Ottawa,  there  is  a  Pi 
similar  to  that  of  the  original  Laurentian  area,  except  that  th 
highly  metamorphic.    They  overlie  the  Archean  unconformably. 

The  rocks  of  Canada  here  classed  as  Proterozoic  are 
ferent  regions  by  dififerent  names.  To  them  the  ten 
Huronian,  Grenville,  and  Upper  Laurentian  have  been  j 
time  and  another  in  dififerent  parts  of  the  Dominion.  Fr- 
it has  often  been  reported  that  they  are  conformable  on 
instead  of  unconformable;    but  where  detailed  work  hai 

>  Adams,  Am.  Jour.  Sci.,  Vol.  L,  1895,  pp.  58-69;  and  VoL  III,  18 
also  Trans.  Roy.  See.  Canada,  1C99  i-nd  1901. 
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on  by  the  more  refined  methods  of  the  present  time,  an  unconformity 
has  generally  been  found.  The  unconformity  is  evident  wherever  the 
overljing  system  is  not  highly  metamorphosed;  but  where  the  strata 
have  been  much  folded  and  subjected  to  the  changes  which  profound 
dynamic  action  always  brings  in  its  train,  they  have  sometimes  be- 
come so  thoroughly  crystalline  and  so  complex  in  structure  that  they 
lie  not  easily  differentiated  from  the  Archean  in  the  limited  exposures 
which  are  open  to  observation.  The  fact  that  the  Archean  was  affected 
by  the  same  dynamic  action  which  metamorphosed  the  Proterozoic 
rocks  tends  to  give  the  two  systems  uniformity  of  structure  where 
both  have  been  profoundly  altered. 


Adirondack  regioo.^ — Rocks  believed  to  be  of  Proterozoic  age  make  up 
the  lar^r  part  of  the  Adirondack  mountain  mass.  These  rocks  belong  to  two 
groups:  (1)  The  central  mass  of  the  mountains,  made  up  of  a  complex  of  igne- 
ov  rocks  which  were  intruded  into  (2)  a  series  of  pre-Cambrian  meta-sedi- 
mentaiy  rocks.  The  igneous  rocks  sometimes  contain  bodies  of  clastic  rock. 
The  igneous  rocks  are  of  various  types  (granite,  syenite,  anorthosite),  and  are 
maflBTve  in  some  places  and  much  foliated  in  others.  The  clastic  series  into  which 
the  igneous  rocks  were  intruded  surround  and  lap  up  about  the  base  of  the  igne- 
ous mass.  They  include  crystalline  limestone,  and  quartzose,  sillimanitic  and 
ITapi&itic  gneisses,  together  with  some  gneisses  believed  to  be  meta-igneous. 
The  limestone  (marble)  associated  ^\^th  the  gneisses  is  often  massive,  a  structure 
vhirh  suggests  either  that  it  was  completely  crystallized  under  static  conditions 
subcvquent  to  the  d^iiamic  action  which  effected  the  metamorphism  of  the  other 
tnms  of  sedimentar}'  rock,'  or  that  it  behaved  very  differently  from  the  other 
wrwx<  of  rock  when  metamorphism  was  in  progress.  The  metamorphism  of  the 
clastic  scries  was  probably  largely  effected  at  the  time  of  the  intrusion  of  the 
icceous  rocks.  The  meta-sedimentary  rocks  are  thought  to  be  the  equivalent 
of  the  Grcnville  series  of  Ontario.  The  floor  on  which  these  sedimentary  rocks 
Tpre  laid  down  has  not  been  discovered. 

If^timtfA  areas  in  the  Mississippi  basin. — Proterozoic  rocks  come  to  the  sur- 
ixre  in  isolated  areas  at  several  points  in  the  basin  of  the  Mississippi  east  of  the 
R««-ky  mountains  (Fig.  38).  There  are  some  small  areas  of  Animikean  (?)  quartz- 
it*?  :n  si»uth-central  Wisconsin  (the  Baraboo  quartzite),'  and  in  the  southeastern 
comer  of  South  Dakota  *  and  adjacent  parts  of  Minnesota  and  Iowa  (the  Sioux 
quart iit«)  (Fig.  80).     In  the  former  place  the  quartzite  has  no  association  with 


-Tuhhini;.  ^th  Ann.  Rept.  X.  Y.  State  Museum,  Vol.  I,  pp.  258-282;  and  Kemp, 
I3th  Ann-   Rept.   X.  Y.  State  Geologist,  1893,  pp.  444,  445. 

*Van   Hise,  Principles  of  Pre-Cambrian  Geologj-,   10th  Ann.   Rept.,  U.  S.  Geol 

SuTfc-  ,  p.  771. 

•  Irving,  GeoL  of  Wis.,  Vol.  II,  pp.  504-519.    This  may  be  the  Middle  Huronian 
01  p.  HI.     Wei<inian,  Bull.  Xill,  Wis.  Ccol.  Surv.  19()4. 

•  Todd  mnd  Hall,  Alexandria  (S.  D.)  folio,  U.  S.  Cleol.  tfur\'. 
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Archcan,  so  far  as  surface  exposures  show,  and  in  the  latter  but  litt 
localities  there  is  igneous  rock  associated  nith  the  sedimentary, 
quart zite  has  been  metamorphosed  by  dynamic  action  into  quartz 
81).  In  these  places,  and  especially  in  Wisconsin,  the  superior  hai 
quartzite,  as  compared  with  the  surrounding  Cambrian  sandstone,  h 
development  of  striking  topographic  features.  Post-Cambrian  ere 
moving  the  later  formations,  has  again  exposed  the  pre-Cambrian 
of  Haraboo  quartzite,  much  as  they  were  before  being  buried  bene 
sediments. 


Rocks  of  probable  Protcrozoic  age  are  also  known  in  the  Black  1 
Dakota,'  making  the  core  of  the  mountains,  and  occupying  an  a 
miles  long  by  20  broad.  They  consist  of  closely  folded  meta-sedim 
Buch  as  mica  slates,  <(uart£itea,  schistH-onglomc rates,  ferruginous 
schists  and  gneisses,  and  intrusive  masses  of  granite  and  basic  rock 
granite  batholiths,  the  latest  of  which  is  eight  or  ten  miles  long  ; 
broad,  numerous  dike.i  jienctrato  the  clastic  beds.    The  latter  affo 

'Van  Hise,  Jonr,  of  (ipol,,  Vol.  I,  pp.  347-3.').5. 
'In  addition  lo  e^'ieral    references,  sec  Jangar,  alst  Ann.   Rept., 
Geol.  -Siirv. 
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..  <I.--Ffartiin'  clpava(!p  drvclon'd  hy  preswirr  shown  in  the  left  half  of  tho  fiuiirp, 
-a  bib-  ii  i-i  wsnlinc  in  tho  riehr  half,  rhi'  \t-rti<-al  linf  ix  a  Iicildiiif;  I'lunc.  'J  hi-  lii.viT 
■■■  th"  Ii*ft  iia*  of  riiiffirii'nlly  ilitTcrcut  cranpiisitioii.  or  Bulijcct  to  Mitlic-ii-iilly  diffcn'nt 
:r;'.ii>'rFii-nt.  Hi  i|p\Tlop  fi^^!'ility.  H-hilr  Ihut  to  the  rieht  was  hrnkcn  (lircrc-iati'd) 
iri-*>-*t.  'ITie  rm-fc  at  thp  left  would  \»  cnlM  <(iinrtz  srhist.  while  thai  at  the  riaht  i« 
'l'£irtme.     Aniiiiiki^an  fomiation  near  Ablctnim.  Wis.     {Atwno<l.) 


trations  of  the  metamorpbodDg  effecU  of  igneous  intrusions.    ' 
phistn  is  not  contact  metamorphism  in  the  ordinary  sense,  but  at 


Fio.  82. — A  section  through  Crow  peak  in  the  Black  Hilla  region,  sho 
Hills  type  of  structure,  pr,  igneous  rock  (porphyry);  C,  Cambri 
(Ordovidan);  CI  and  Cm,  Carboniferous  formations;  Pm,  Penoi 
section,  ij  miles.     (Jaggar,  U.  S.  Geol.  Surv.) 

combine  cementation,  injection,  metasomatism,  and  mashing.*    T 
intrusions  is  not  known.     Figs.  82  and  83  are  sections  of  laccolit 


Fio.  83. — Map  of  the  re^on  shown  in  section  in  Fig.  82.  pr,  porphyr; 
S.  Silurian  (Ordovician);  CI  and  Cm,  Carboniferous  lonnationi 
Tr,  Triassic,     (Jaggar,  U,  S.  Geol,  Surv.) 

Black  Hills  region.     They  illustrate  in  a  small  way  the  structur 

Hills.     Fig,  83  is  a  map  of  the  area  of  which  Fig.  82  is  a  sectii 

'  Van  Hise.  16th  Ann.  Kept.  U.  S.  Geol.  Surv.,  Pt.  I,  p  8 
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Thouf^  Archean  rocks  have  not  been  identified  in  association  with  the  Protero- 
loic  system  of  this  region,  it  does  not  follow  that  the  latter  were  not  derived  from 
the  former,  so  far  as  they  are  sedunentary.  The  lands  which  gave  rise  to  the 
Kdiments  appear  to  have  sunk  and  been  buried  at  some  later  time,  and  not  again 
exposed  by  erosion.  The  Proterozoic  rocks  of  this  region  were  long  buried  by 
formations  of  lesser  age.  The  uplift  permitting  the  erosion  which  discovered  the 
older  rocks  is  a  relatively  recent  event  (see  Tertiary  periods). 


Pic.  84. — Section  through  Kirk  Hill  in  the  Black  Hills  region,  illustrating  the  type 
of  structure  shown  in  Fig.  82.  Legend  same  as  in  Fig.  82.  Length  of  section, 
3  miles.     (Jaggar,  U.  S.  Geol.  Sur\'.) 


The  Proterozoic  system  is  represented  in  at  least  one  locality  in  eastern  Wyom- 
ing.' The  rocks  are  quartzites,  schists,  silicious  limestone,  and  gneiss,  and  are 
locally  (near  Guernsey)  iron-bearing.     They  have  also  yielded  some  copper. 

In  southeastern  Missouri  (St.  Francis  mountains)  there  are  several  small 
areas  of  pre-Cambrian  rock,  both  sedimentary  and  igneous.     They  are  not  asso- 


Ca,  (Atoka  formation)  Carboniferous;  Kt,  Lower  Cretaceous  (Trinity  formation), 
I^nigth  of  section,  5  miles.    (Taff,  Atoka,  I.  T.  folio,  U.  S.  Geol.  Surv.) 

ciated  at  the  surface  T\ith  recognized  Archean  rock,  and  their  relation  to  the 
Proteroioic  rocks  of  other  regions  has  not  l^een  determined.  As  in  the  Black 
Hills,  the  Proterozoic  formations  of  this  region  were  probably  buried  by  younger 
formations,  and  their  exposure  at  the  surface  is  the  result  of  erosion  following 
sobsequent  uplift.  The  uplift  in  this  area  was  probably  much  earlier  than  that 
in  the  Black  Hills. 

In  Texas  there  is  at  least  one  series  (Llano)  of  Proterozoic  sedimentary  rocks, 
rtrtly  metamorphic,  associated  with  igneous  rocks  which  may  be  Archean.  An 
extensive  area  of  granite  (Tishomingo  granite)  in  Indian  Territory  *  is  also  believed 
to  be  of  pre-Cambrian  age  (Fig.  85). 

The  Cofdilleran  region. — In  this  region  the  axial  cores  of  many 
of  the  c4der  mountain  ranges  are  believed  to  be  of  Archean  rock.    In 

>  W.  S.  T.  Smith,  Hartville,  Wvo.,  folio,  U.  S.  Geol.  Surv. 
»Taff,  Tishomingo  (I.  T.)  folio,  U.  S.  Geol.  Surv. 
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many  of  them  there  are  thick  series  of  sedimentary  or  meta- 
rocts  overlying  the  Archean,  and  overlain  by  Cambrian 
strata.  Where  the  post-Archean  formations  are  not  overla 
Cambrian  strata,  their  Proterozoic  age  is  sometunes  opt 
tion.  In  some  places  they  are  highly  metamorphic,  and  i 
slightly  so. 

Rocks  referable  to  the  Proterozoic  systems  are  found  in  the 
raQf^  and  m  some  of  other  mouDtains  of  Wyoming    in  the  Bndj 


Fio.  85. — Section  showing  the  relations  of  the  Proterozoic  fommtioiiB 
t«gion  of  Colorado.  Aq.  Proteronoic  quartzite;  J,  Triassic  am 
Cretaceous;  E,  Elocene;  sj,  San  Juan  series  (tuft,  breccift,  etc.) 
rhyolite;   gd,  gabbro  diorite.     LeDgth  of  section,  5  miles.     (U.  S. 

Belt  mountains  '  (Belt  series,  fossiliferous ')  in  Montana,  in  the 
Livingston  ranges,  near  the  National  Boundary,  where  they  U 
and  some  10,000  feet  thick '  (Fig.  46),  and  at  a  few  other  points  in  tt 
in  British  Columbia;  in  the  Wasatch  and  certain  lesser  mountiun  i 
in  several  of  the  ranges  of  Nevada '  (Shell  Creek,  Egan,  Pogonif 
in  the  Front,  Sawatch,  Uncompahgre,  and  Quartzite  ranges  of  Co 
the  Grand  Canyon  of  the  Colorado  in  Arizona.'  In  most  if  not  all 
ties  the  sedimentary  beds  predominate,  but  are  accompanied  b) 
which  are  in  part  contemporaneous  in  origin.  The  thickness  < 
sioic  rocka  in  these  various  localities  is  often  great,  but  generall 
In  the  Canyon  of  the  Colorado  (Arizona)  the  succession  of  pw 
mations  is  easily  studied,  because  of  the  extensive  exposure; 
Canyon  group'  (Proterozoic),  more  than  10,000  feet  in  thickne; 
formably  on  the  Archean,  and  is  in  turn  covered  unconformabl 
brian.     This  great  group  is  itself  divisible  into  two  systems  by 

I  Sec  Little  Belt,  Livingston,  and  Three  Forks  (olios,  U.  S.  Geol.  S 
>  Wolcott.  Bull.  Geol.  Sac.  Am.,  Vol.  10,  pp.  227-44. 
'Willis,  Bull.  Geol.   Soc.  Am.,  Vol.   13,  pp.  316-24. 
•Weed,  22d  Ann.  Rept,  U.  S,  Geol.  Surv,,  Pt.  n,  p.  434.      See 
Bdt,  Livingston,  and  Three  Forks  (Mont.)  folios,  U.  S.  Geol.  Surv 
'  King,  Geol.  Expl.  of  the  40lh  Parallel.  Vol.  1. 

*  Proterozoic  (Algonkian)  formations  are  shown  on  the  Pike's  Pe 
folios   (U.  S,   Geol.  Sur\-,)  of  this  State. 

'  See  references  in  Bull,  86,  U.  S.  Geol.  Surv. 

•  Powell,  Geology  of  the  Uinta  Mountuns. 
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focmity.*    The  general  relations  are  Bhown  in  Fig.  88.    Here,  as  m  Muntana.  a 
few  fooBtU  have  been  found.' 

Id  many  of  these  localities  the  Proterozoic  strata  are  associated  with 
.\rrhean,  but  the  detuls  of  their  structure  and  relationships  have  not 
been  worked  out  in  many  places.  Enough,  however,  is  known  to  render  it 
probable  that  niany  of  these  locaUties,  as  Britisti  Columbia,  south- 
westan  Montana,  the  Wasatch  mountains,  etc.,  were  within  tlie  limits 
of  one  geolc^cal  province  in  the  Proterozoic  era.    One  of  the  features 


common  to  much  of  this  province  is  the  conformity  of  the  Proterozoic 
atrata  beneath  tlie  Lower  Cambrian.  Within  the  province,  a  succcs- 
aon  of  formations  and  events  as  definite  as  those  of  the  I^kc  Superior 
province  will  probably  be  established  when  the  several  areas  have 
bwm  studied  with  equal  care;  but  the  order  established  for  this  province 
may  not  be  ver>'  similar  to  that  of  others,  since  the  sequence  of  events 
io  different  provinces  is  not  necessarily  the  same. 

'  B'Jeotl,  I4th  Ann.  Rept.  U.  S.  Geol.  Sun-,  and  Bull.  30,  U.  S.  Geol.  Surv.    Wal- 
(Mt  prca  a  thic«-fold  division  of  ihe  Algonkian. 
'WalcMt.  Bull  Geol.  Sac.  Am.,  Vol.  X. 


In  the  eastern  part  of  the  United  StateB.^— In  the  east 
the  United  States  there  are  large  areas  of  metamorphie 
were  formerly  classed  as  Archean.    As  shown  in  Fig.  38, 


Fig.  S7. — I'lgure  showing  peculiar 


occupy  a  large  part  of  New  England,  the  southeast  coi 
York,  and  parts  of  northern  New  Jersey,  the  South  Moui 
in  I'ennsylvania,  and  farther  south,  the  wide  belt  of  tl 
plateau  Ijing  east  of  the  Appalachian  mountains  from  I 
on  the  north  to  Alabama  on  the  south.  This  belt  of  i 
rocks  eont^ns  formations  that  were  sedimentary,  and  the 

'  Sec  l)uU.  86,  U.  S.  Geol.  Surv.,  and  folios,  U,  S  Geol.  So 
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ifmeoiis.  In  some  places  they  are  so  far  nietanior|)hose(l  as  to  liave 
lost  all  trace  of  their  original  texture,  while  in  others  the  change  is 
murh  less  complete.  Within  this  belt  of  cr>^stalline  rocks,  Protcroznic 
formations  are  belie\-ed  to  occur,  but  they  have  not  been  generally 
■liilfrentiated  from  the  iVrchean  on  the  one  hand,  and  from  the  meta^ 
niuqthic  Paleozoic  rocks  on  the  other. 


Tk  SS. — Figure  xhowing  the  Archean.  Proterozoic.  und  luror  formaiions  at  one  ptnnt 
in  the  Gnuid  Ouiyon  of  the  Colorado  in  nortlieni  Arizona.  Tlio  lowermost  non- 
>mtifiedfofTnationUArchean.  The  horizontal  ImhIs  in  ilipupprrpiirt  aic  I'aleozok. 
iWir  iia^ial  portion  l)eing  Cambrian.  The  tilled  beds  between  tlie  Archcan  iuid 
Palcoioic  aiB  pTotenwoic.     (Atwood.) 


In  theCinvn  mnuntains  of  'Wrmont,  there  appear  to  be  two  series  (the  Mendon 
anii  the  Jlount  Holly)  of  seiiirapntary  or  meta-sedimentary  rocks  of  complicated 
tnjeture,  unconformable  Iwneath  the  Cambrian.'  Patches  of  pre-Cambrian  rock 
in;  known  in  thirteen  |>laces  in  western  Massachiiselis,  but  they  are  septir.iteii 
«":rh  dif&ruity  from  the  Cambrian,  Silurian,  and  I>evoiiian  beds  which  were  meta- 
ffl'-rplioeed  with  them.  They  consist  of  pneisse:',  schists,  and  crystalline  limr- 
fti.ne  =  'Fig.  S9).  In  southeastern  Xeiv  York  then-  a{)|N-ar  to  l>e  pre-Cambrian 
T.rt^unorphir  rocks  of  i-omplicatiil  structure  (Fordhani  pieiss)  closely  aasociatiKl 

■  Whittle,  cited  by  Van  Hiae,  10th  Ann.  Rept.  V.  B.  Geol.  Sun-.,  Pt.  I.  p.  827. 
'n»id..  p.  83«);    and  Emet«on,  Holi-oke,  Mass.,  folio,  U.  S.  Geol.  Sun-. 
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uiiii  rm'i:iiiu»rpiuc  DM-k:?  i>i  los5>er  :i!5e.-  la  piai-es  the  irneiss  is  par 
:irv  :irui  ?»:iniy  m  :i;riu«Hiii  -Tisnii.  •ie\"pi<)pe«i  'nr  *he  parallei  inje^i 
'luiuTtiiisi  ::;;n  .i  ^Miinieiiuiry  -i^Tier?.-  The  Ty?«taiiice  rooka  of 
,.[  •'.iiMtu'ni  Ni'w  .;.'i>*t'v  -  i:.wH.»ar  "<>  in?  iueriy  Protemzoic.  Thi 
:;ni'»Ki>  ;;:ii  -«'iiiimM:t:irv  -H'tvi.  VmoLUE  "he  !a.trer  jxe  Imes 
^rMpiu'v  :;"t'i«»s«'x.  ..m  ..tpj*  ■»Mii»."*  « 'i'  T^^n  -pv  -JS.  'I  "vhi'/ii  'y^iiy. 
■\    :'i'    ■        w      :;u*    :'a'     rii>   At-n-  ■LL'pn.Mto^i.     '.:;  "lie  S>iiriL  Moii: 

If       -.Mi'nan     ■■•*;>     .  .'■••iM"!'?I!;il^i'".      '.  ;     .         >.-      i    '"^t*    '  ""*ir  :" 
•f    \  •  "iiMii  '«.\^;i-;'!     i»   ■     ■^!:l;...^■     it* :■.''."•'•:.    I'-r    i:ii  "lie  7r';ror' 

^■;;ii:.t.      ■■•".i..      ^        ^■:::...:.'    -ili::    :.:?      .;-:  .  .  ■lit  Z'.:*\:iL'  '."  I- 
-■.■•..      *.nit-       .r    ••     -     .  .>::■•■•■      I"  "''"'a. ■_•.-    *'»i-vi'    "ril  "il    iT 

'"^Mi  !»•«.» -li        ;•    .i;:i     II'--'.   '•           .  :.  'i  -■;::'.'     -.r"".;e:i*i       i^i-i    i    v 
■  .ii.'n.n,i\        %'•.>:..•                   .•-       ■.•  ■  ii^*"  *■■    .'-ui-'  .:  ■:         111 
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Iters  of  sedimentation,  as  to  correspond.  Igneous  rocks  form  a 
A  inconsiclerable  part  of  the  Proterozoic  systems,  and  there  is  no 
m  requiring  igneous  activities  in  different  re^ons  to  correspond 
ilhw  in  time  or  in  the  nature  of  their  products.  Even  body  defor- 
naXions,  'which  are  much  the  most  general  and  which  are  the  basLs 
ior  the  subclivision  of  the  systems,  need  not  have  corresponded  in 
their  particular  phases,  in  different  regions.  It  follows  (1)  that  the 
number  of  series  within  the  Proterozoic  in  one  place  may  not  be  the 
same  as  in  another;  (2)  that  the  thicknesses  of  the  various  systems 
inay  vary  within  wide  limits;  (3)  that  there  need  have  been  no  close 
conespondence  in  the  sorts  of  rock  in  different  regions  at  the  outset; 
vA  (4)  that  they  may  have  been  metamorphosed  unequally  since 
ibrir  deposition.  The  dLssiniilarity  of  the  Proterozoic  in  different 
i^ons.  as  suggested  by  the  preceding  sketch,  was,  therefore,  to  have 
bwn  anticipated. 

Protkrozoic  Formations  ix  other  Contixexts. 

little  need  be  said  of  the  Proterozoic  systems  of  other  continents, 
but  they  are  believed  to  exist  in  Great  Britain,^  where  the  Torridonian 
sanristones  (8,000-10,000  feet  thick  in  Scotland)  and  perhaps  the 
Dalradian  series  may  be  Proterozoic;  in  France,^  where  phyllites, 
p^ywaekes,  quartzite,  sericitic  schists,  and  igneous  rocks  with  an  aggre- 
gate thickness  of  several  thousand  meters,  are  regarded  as  Proterozoic; 
in  Spain,  where  phyllites,  hiilleflinta,  and  quartzite  represent  the  era; 
in  Germany,  where  mica  schists  predominate  below,  and  phyllites 
ibnve:'  in  Finland,*  whore  nearly  3000  meters  of  conglomerates,  quartz- 
he?,  schists,  limestone,  and  diorite  lie  between  the  Archean  and  the 
ranibrian:  in  Scandinavia  (Sweden),  where  there  are  similar  thioknessc^s 
of  similar  rocks  occupying  a  similar  stratigraphic  position;  and  probably 
in  In<iia  and  Brazil.  In  more  than  one  of  these  countries,  the  pre- 
Canibrian  sedimentary  rooks  are  thought  to  belong  to  at  least  two 

'^ir  Archibald  Gcikie,  Jour,  of  Cleol.,  Vol.  I,  and  Text  Book  of  Geologj-,  4th  ed., 
Vri   IL 

'  iBeLapparent,  Traits  de  Geologic. 

'Giimbd,  Grundziige  der  GeoU)gio.  pp.  511-522. 

*  Sedefsholm,  Ueher  eine  archaische,  Scdimentfonnation  in  sudwestlichen  Fin- 
laxwi,  Rnfl    de  la  Commission  Geologique  de  la  Finlandc.  Xo.  6,  1897. 
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BYsieiDBy   separated  by  uneonfonnities.    It  is  wcnthy  < 

in  Sweden  ^  ircm  ore  occurs^  as  in  the  Huixmian  of  Lf 

little  has  been  done  toward  the  correlation  of  the  pre-Ca 

of  Europe  and  America.    It  is  significant,  however,  thi 

Algonkian  and  Proterozoic  are  being  adopted  ^  in  the  d 

the   pre-Cambrian  formations  on  geological  maps.    As 

the  Proterozoic    rocks  of  Europe  contain  occasional  fo 

their  number  is  small. 

In  the  prov'ince  of  Shan-si,  China,  there  are  at  least  t\ 

terozoic  sj'stems,  separated  by  an  unconformity.    The  \o\ 

composed  of  metarsedimentary  rocks,  closely  folded;  the  u 

what  folded  and  sli^tly  metamorphosed.    The  lower  sj's 

the  Archean,  and  the  upper  underlies  the  Middle  Cami 

formably.^ 

Life  During  the  Proterozoic  Era. 

While  the  Proterozoic  rocks  do  not  generally  contain 
can  be  no  doubt  that  life  existed  during  the  era.    The  dir( 
are  as  follows:    (1)  The  carboniferous  shales,  slates,  and 
cate  the  existence  of  life;    (2)  the  occasional  fossils*   ( 
Montana  and  in  the  Grand  Canyon  of  the  Colorado  in  Ariz 
strate  the  existence  of  life  at  that  time;   (3)  the  iron  ore 
terns,  although  not  originally  deposited  in  its  present  foi 
imply  the  existence  of  life,  both  when  it  was  accumulate- 
it  was  transformed  into  its  present  condition;   and  (4),  tl 
It  should  be  noted  that  limestone  occurs  in  the  Huroi 
and  that  it  Ls,  in  some  places,  near  its  base.     The  limestone  ' 
regarded  as  demonstrative  of  the  existence  of  life,  but  in 
the  belief  has  gained  ground  that  considerable  formati( 
stone   may   have   originated   by   precipitation   from   sea- 
origin  is  suspected  for  many  limestone  formations  which  a 

'  T6rnebohm,  Grunddragen  af  det  Centrale  Skandinavieas  Bergbygi 

*  BackstrOm,  Vestanafaltet  (The  Vestana  region),  1867. 

*  Willis  and  Blackvvolder,  Carnegie  Institution.     Unpublished  data. 

*  For  summary  of  knowledge   concerning  pre-Cambrian  fossUs, 
Gool.  Soc.  Am.,  Vol.  10,  pp.  190-244. 
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,  and  if  this  hjrpothesis  is  applicable  to  any  extensive  formation 
cf  Gmestone,  it  may  be  applicable  to  those  of  the  Proterozoic  systems. 
Bal  even  without  reliance  on  the  limestone,  the  fossils  leave  no  doubt 
cf  tbe  existence  of  life  in  the  Proterozoic  era. 

The  best-preserved  fossils  are  those  of  eurypterus-like  Crustacea. 
Tbett  are  also  tracks  of  two  genera  of  annelids,  and  other  imdeter- 
■ined  forms.  Besides  these  certain  fossils,  there  are  obscure  forms 
vbich  appear  to  be  referable  to  brachiopods  and  pteropods.  It  is 
■gnificant  that  the  oldest  definite  fossils  yet  found  are  well-developed 
erastacea,  fomis  well  up  in  the  animal  kingdom. 

Climate. 

Since  inferences  concerning  the  climate  of  any  period  are  drawn 
chiefly  from  fossils,  and  since  fossils  are  exceedingly  rare  in  the  Protero- 
loic  strata,  there  is  little  warrant  for  any  conclusion  concerning  the  cli- 
mate of  the  i>eriod.  Certain  pre-Cambrian  conglomerates  of  Ontario, 
Aown  in  the  Cobalt  region  and  elsewhere,  have  l)een  interpreted  re- 
w-nthr,  as  of  glacial  origin,  but  the  evidence  thus  far  presented  does 
not  ?eem  to  be  conclusive  on  this  point. 

*  Coleman.  Geol.  Soc.  Am. ,  1906. 


CHAPTER  V. 

THE  CAMBRIAN   PERIOD. 

Formations  and  Physical  History. 

The  great  cnistal  movements  which  brought  the  Pro 
a  close  converted  a  large  area  within  the  limits  of' the  N< 
continent  into  land.  This  is  shown  by  the  geographi 
and  the  stratigraphic  relations  of  the  next  succeect 
sedimentary  rocks.  This  system,  the  Cambrian,^  is  the 
of  rocks  now  recognized  as  having  been  deposited  duri 
zoic  era. 

WTiere  the  base  of  the  Cambrian  system  in  North  An 
sible,  the  system  is,  as  a  rule,  unconformable  on  underljri 
(Figs.  88  and  89).     Where  this  is  the  case,  it  is  inferred 


Fig.  89. — Diagram  representing  the  general  relations  between  the  C 
the  Proterozoic  formations.  The  diagram  is  based  on  the  genera 
exist  in  the  Lake  Superior  region. 

face  on  which  it  rests  was  a  land  surface  and  exposed 
a  time  before  the  formations  above  the  unconformity  vi 
Furthermore,  the  attitude  of  the  Proterozoic  strata  is  su 
that  they  were  locally  much  disturbed  prior  to  the  n 
which  preceded  the  deposition  of  the  Cambrian  bee 
Were  the  total  area  where  the  Cambrian  system  is  \ 
on  its  base  known,  it  would  furnish  a  basis  for  estimati 
of  the  withdrawal  of  the  sea  from  the  continent  at  th 
Proterozoic  era,  and  before  the  deposition  of  the  known  < 
it  were  possible,  on  the  other  hand,  to  determine  the  e3i 
covered  by  formations  of  the  Cambrian  system,  this 

*  A  summarj'  of  the  literature  on  the  North  American  Cambru 
is  given  by  Walcott  in  Bull.  81,  U.  S.   Geol.  Surv. 


rolPotidaaL 

.V«  anA  u«d  „„pi  i„  Mi,,,,,,,,,,. 


,  24lh  Am.  Repl,  p.  27.  >»'■"'"" 
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the  maximum  area  covered  by  the  Cambrian  seas,  for  the 
srmations  were,  so  far  as  known,  laid  down  on  the  floor  of 
I  the  exact  area  of  the  sea  at  any  stage  of  the  Cambrian 
determined,  the  exact  area  of  the  land  at  the  same  stage 
ouslv  be  known.  If  these  data  could  be  determmed  for 
of  the  period,  they  would  constitute  the  record  of  its  geo- 
nges,  so  far  as  distribution  of  land  and  water  is  concerned, 
•minations  cannot  be  made  for  every  stage  of  the  period, 
imations  may  be  made  for  certain  stages,  and  these  approxi- 
e  a  valuable  insight  into  the  geography  of  the  times. 

DIVISIONS    OF    THE    CaMBRIAN    AND  THEIR    DISTRIBUTION. 

nbrian  period  has  been,  for  convenience,  divided  into  three 
I  may  be  called  the  Earlier,  the  Middle,  and  the  Later  divi- 
system  of  rocks  deposited  during  the  period  has  been  divided 
orresponding  series,  known  as  the  Lower,  Middle,  and  Upper 
espectively.  Other  names  are  sometimes  assigned  to  these 
Thus  Georgian  (Vt.),  Acadian,  and  Potsdam  (N.  Y.),  names 

where  the  corresponding  divisions  of  Cambrian  were  first 
idied,  are  s\Tion}TTis  for  Lower,  Middle,  and  Upper  Cambrian 
;  as  these  terms  are  used  in  North  America.  Saratogan  ^ 
ix  2  are  also  used  as  synonyms  for  Potsdam.  The  approxi- 
bution  of  the  beds  of  sediment  laid  down  in  each  of  the 
oas  of  the  i)oriod  is  knowTi,  and  the  variations  in  the  dis- 

the  three  series  record  the  changes  in  the  relations  of  land 
luring  the  Cambrian  {period. 

The  Lower  Cambrian, 

don. — Fig.  90  shows  the  known  surface  distribution  of  the 
Middle  Cambrian  (Georgian  and  Acadian)  series.  The 
>ns  represent  the  areas  where  these  series  come  to  the  surface, 
haded  wth  lines  represent  the  areas  within  the  limits  of  the 
vhere  the  same  series  are  believed  to  occur,  though  now 
le  longer  the  lines,  the  better  the  basis  for  the  inference 
•  both  series  are  present.  North  of  Mexico,  the  unshaded 
1  in  the  figure  are  thought  to  represent  approximately  the 

propoeed  by  the  U.  S.  Geol.  8ur\'.,  24th  Ann.  Kept.,  p.  27,  to  take  the 
lam. 
b  used  except  in  Minnesota. 


Fiu.  90. — M:!])  sliiiwiiig  tlir  outcrois  tin  l)l;ick)  of  Knrly  and  Middle 
t'umK  Thr  are:i»  uluiiW  liv  lim-a  rf]nx.-wnt  regions  where  tl 
liclii'Vi'd  lo  exist,  tliotiKli  tint,  cxpcwcci.  Tlie  limpr  tlic  lines 
lm«i«  fi)r  hi-lU-t  in  tin-  cxisliiKV  of  tlip  liods.  Tlie  u:isliade. 
Mexico  are  lielieveii  In  liavc  l>eeii  lain!  iliiriri);  tlie  earlv  portion 
peri.Kl.  The  imsli.-ulc<l  art'ii  sOMth  of  the  rnitfd  Stales  tepresei 
eilge.     Tlie  shailing  witliin  the  arvn  of  the  oceun  is  the  sanie  aa 
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which  remained  above  the  sea  up  to  the  end  of  the  Middle  Cam- 
In  Mexico  and  Central  America,  the  blank  area  represents 
ck  of  knowledge.  Since  the  distribution  of  the  Lower  and  Middle 
ambrian  series  is  much  the  same,  the  black  areas  of  the  map  may 
e  taken  to  represent  the  surface  distribution  of  the  Ix)wer  Cambrian 
ithout  serious  error,  if  the  areas  in  Arizona,  Oklahoma,  and  Texas 
e  excluded.  On  account  of  later  erosion,  the  Lower  and  Middle 
strata  are  probably  not  now  present  over  the  whole  of  the 
on  which  they  were  originally  deposited. 

So  far  as  these  formations  contain  marine  fossils,  it  is  safely  inferred 
hftt  the  areas  where  they  now  occur  were  occupied  by  the  sea  at  some 
ime  during  the  early  and  middle  portions  of  the  Cambrian  period. 

As  the  map  shows,  the  Lower  Cambrian  is  known  on  the  coast  of 
^hrador,  in  Newfoimdland,  at  varioas  points  between  these  localities 
jid  Maine,  at  several  places  in  New  England,  at  many  points  in  the 
ludson-Champlain  valley,  and  at  various  points  in  the  Appalachian 
aountains  between  the  Hudson  and  Alabama,  but  is  generally  absent 
the  area  east  of  these  mountains.  From  the  distribution  of  the 
Cambrian  series  in  the  east,  and  from  its  fossils,  it  is  inferred  that 
,  great  sound  existed  in  early  Cambrian  time  near  the  southeastern 
lorder  of  the  continent,  extending  from  Labrador  to  Alabama.^  This 
ound  is  believed  to  have  been  shut  off  from  the  Atlantic  bv  land  which 
ceupied  a  large  part  of  the  site  of  the  present  Piedmont  plateau, 
at  whose  eastern  limit  is  unknown. 

Lower  Cambrian  formations,  with  fossils  of  marine  organisms,  are 
bo  known  in  Nevada,  Utah,  western  Montana,  Idaho,  and  in  some 
arts  of  British  Columbia,  from  which  it  is  likewise  inferred  that  the  sea 
enipied  portions  of  western  North  America  during  the  same  epoch. 

The  absence  of  Lower  Cambrian  strata  from  other  regions  is  hardly 
esB  significant  than  their  presence  in  those  mentioned.  They  are 
relieved  to  be  wanting  in  most  of  Montana,  in  Wyoming,  Colorado 
nd  Arizona,  and  in  the  territorj'  east  of  these  states  nearly  to  the 
Appalachian  mountains.^  Not  only  are  they  absent  now,  but  thoy 
.ppear  never  to  have  been  present,  and  this  leads  to  the  inference  that 

*  ITrich  and  Schuchert,  BuU.  52  (Paleontology  6)  New  York  State  Museum,  Rept>rt 
i  tbe  State  Paleontologist,  1901,  pp.  635-6. 

'Conastock  (First  Ann.  Rept.  GeoL  Sun-,  of  Texas,  1889,  pp.  285-292)  thinks 
jcmer  Cambrian  occurs  in  Texas. 
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most  of  the  great  area  between  the  Appalachian  moun 
east  and  the  Rocky  mountains  on  the  west  was  above  th 
the  early  part  of  the  Cambrian  period. 

Geography  of  the  Early  Cambrian. — On  the  basis  of  th 
tribution  of  the  Lower  Cambrian  strata  as  cited  above, 
that  there  was  an  extended  land  area  within  the  lim 
America  in  the  early  part  of  the  Cambrian  period,  and  fn 
spread  imconformity  of  the  Lower  Cambrian  on  its  bed, 
that  this  area  was  still  more  extensive  just  before  the  dep 
known  Lower  Cambrian.  The  map  (Fig.  90)  shows,  as 
is  now  known,  the  area  of  land  and  water  within  the  a 
America  during  the  early  part  of  the  period. 

"  Lost "  interval. — ^Where  the  Cambrian  is  imconform 
Cambrian  formations  there  is  a  break  in  the  geological  n 
breaks  are  sometimes  said  to  represent  ''lost"  intervals, 
which  are  "lost"  being  the  periods  elapsing  between  the 
the  beds  below  the  imconformity,  and  those  above.     ' 
tion  for  such  an  interval  is  only  partly  true,  for  in  the 
itself  there  is  the  record  of  exposure  and  erosion,  followed 
ence  and  deposition.    The  general  sequence  of  events  is 
to  this  extent  the  record  is  not  lost.    On  the  other  hand, 
of  the  recorded  erosion  were  deposited  elsewhere,  consti 
formation.    Wherever   the   sedimentary   beds    deposited 
erosion    interval   represented   by   an   imconformity   are 
record  of  the  interval  is  certainly  not  open  to  inspection 
regarded  as  "lost,"  or  as  too  well  preserved. 

The  relations  and  principles  involved  are  illustrated  by  Figs, 
the  line  AA',  Fig.  91,  represent  the  sea-level  at  the  beginning  of  t 
closed  the  Proterozoic  era,  while  CC,  Fig.  92,  represents  the  sa 
time  of  maximum  post-Proterozoic  uplift.  While  the  water-lev€ 
from  A  A'  to  CC%  sedimentation  was  in  progress  beneath  the  wat 
and  at  all  stages  the  sedimentary  beds  were  essentially  conforms 
mations  below.  So  long  as  the  sea-level  stood  at  CC,  depositior 
to  the  right  of  C,  the  beds  being  conformable  on  their  substratuir 

Later,  as  the  stratigraphic  relations  of  the  Lower  Cambrian  f( 
the  sea  again  advanced  on  the  land,  and  as  the  shore  line  was 
toward  A  (Fig.  92),  sediments  were  in  process  of  deposition  on  tl 
had  recently  been  land,  but  which  was  now  submerged.  The  d 
this  stage  between  C  and  A,  Fig.  93,  were  unconformable  on 
beneath,  though  the  corresponding  deposits  to  the  right  of  C  w 
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on  their  baae.  It  is  manifest  that  the  unconformity  between  formations  Al  and 
2  (Fl^.  93)  must  represent  a  longer  interval  of  time  between  B  and  A  than  be- 
tween B  and  C,  since  the  formation  Al  had  been  longer  exposed  in  the  former 
repon.  Prom  -A  to  C  the  section  records  a  "lost"  interval,  but  the  deposits  made 
dming  this  interval  (1,  Fig.  93)  are  preserved  to  the  right  of  C,  though  they  may 


•*^""*N^A^                                                              Sea  L.e\/&/ 

A 

^ 

91. — Figure  showing  a  series  of  sedimentary  ■  rocks,  Al,  resting  on  and  against 

older  rock,  ^. 

In    the  case  under  consideration,  Al,  deposited  before  the  uplift,  stands  for 
the  whole  of  the  Proterozoic  (Algonkian).      As  a  matter  of  fact,  the  structure 


<:5eci  l,eve/    C^ 


Fig.  92. — ^This  figure  represents  the  region  shown  in  Fig.  91  as  having  risen,  or  the 
flea-level  as  ha\'ing  been  lowered.  Erosion  has  affected  the  upper  portion  of  the 
formations  represented  by  Al.  Meantime  deposition  of  the  erodea  material  has 
taken  place  beneath  the  sea-level.  These  new  deposits  are  represented  by  1  in 
the  figure. 


of  the  Proterozoic  is  much  more  complex  than  these  figures  show.     (See  Fig.  89.) 
Ffirmation  2  (Fig.   93)  is  Cambrian.    Formation  1,  being  inaccessible,  is  not 


-r>^-^A^                                                                 <5eGLG]/e/ 

^ 

—          y              •        \"        /    ^        x'^/'^—  /"nT"  ^s       /^      -^^s~^i^ 

J^  IL'i'  "^ 

Fig.  93. — ^TWs  figure  represents  the  same  region  as  Figs.  91  and  92  after  the  land 
has  sunk  so  as  to  allow  the  sea  to  regain  approximately  the  position  which  it 
occupied  in  Fig.  91.  Younger  sediments,  2,  have  buried  the  older,  1.  The  forma- 
tion represented  by  2  is  unconformable  on  ^4/  and  on  JR    but  comformable  on  1. 


classified.    Were  it  accessible,  its  classification  as  Cambrian  or  as  Proterozoic 
vould  probably  depend  on  its  fossils.    Looked  at  from  the  physical  point  of 
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view,  the  question  is,  Shall  the  Proterozoic  era  be  regarded  as  ec 
this  region  is  concerned,  (1)  when  the  uplift  preceding  the  Cambi 
when  it  reached  its  maximum,  or  (3)  when  the  subsequent  subs 
augurated?  To  this  question  no  categorical  answer  can  be  given, 
1  of  Fig.  93  may  be  looked  on  as  representing  the  time  of  tran£ 
Proterozoic  to  the  Cambrian. 

Extent  of  unconformity  at  base  of  Lower  Cambrian. — ^1 

northwest,  the  Lower  Cambrian  is  generally  unconformable 
beds  of  Proterozoic  age,  but  it  seems  certain  that  the  Lo\ 
must  be  conformable  on  the  Proterozoic  in  areas  which  i 
ously  under  water  (1)  during  the  later  part  of  the  Proter 
during  the  generally  imknown  interval  between  the  Kew 
Cambrian,  and  (3)  during  the  Cambrian.  Since  it  is  imj 
the  larger  part  of  the  area  which  was  receiving  sedimer 
last  period  of  the  Proterozoic  era  became  land  at  the  enc 
it  follows  that  areas  where  conformity  exists  between  C 
Proterozoic  are  probably  more  extensive  than  areas  wher 
ity  exists.  From  a  study  of  the  relations  suggested  by  I 
it  is  apparent  that  imconformity  between  Proterozoic  a 
is  likely  to  be  most  general  just  where  their  contacts  are  mc 
seen. 

The  Middle  Cambrian. 

The  strata  of  the  middle  division  of  the  Cambrian  ( 
known  to  occur  in  the  same  general  localities  as  those 
both  in  the  eastern  and  western  parts  of  the  continent,  anc 
they  occur  in  Texas,  Oklahoma,  Indian  Territory,^  Aris 
some  parts  of  Montana,^  and  possibly  even  in  the  western 
consin  ^  where  Lower  Cambrian  is  absent,  or  at  any  rate 
This  distribution  indicates  that  the  interior  was  being 
the  sea  from  the  south  and  southwest  before  the  close  o 
Cambrian  epoch.  Like  the  preceding  series,  the  Middle  Ci 
are  generally  absent  from  the  eastern  interior.  Where 
Cambrian  rests  on  the  Lower,  as  in  the  east  and  west,  tl 

»Taflf,  Professional  Paper  No.   31,  U.   S.   Geol.   Sur\'. 
»  Blake,  Am.  Geol.  Vol.  XXVII,  p.  162;  Walcott,  Bull.  Geol.  So< 
p.  217. 

"Walcott,  idem.,  p.  209. 
*  Walcott,  idem.,  p.  224. 
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generally  conformable.^  Where  it  rests  on  pre-Cambrian  fcrma- 
tions,  as  in  the  States  mentioned  above,  it  is  in  unconformity  with 
them.      (Figs.  88  and  89.) 

The  Upper  Cambrian, 

In  the  Later  Cambrian  (Potsdam,  Saratogan)  epoch,  the  Appala- 
chian region  on  the  one  hand,  and  the  Cordilleran  region  on  the  other, 
were  still  submerged,  as  shown  by  the  conformable  (in  general)  super- 
position of  the  Upper  Cambrian  beds  on  the  Middle  Cambrian,  in  both 


f:ft    ^      ■    .^^     Aij  ..^      A     f«J    _€S 


>p 


Fk.  94. — ^This  figure  represents  a  section  in  the  Menominee  region  of  northern  Michi- 
gmn,  and  shows  the  Potsdam  sandstone,  €8,  in  unconformity  with  Proterozoic 
formations,  -4.      Ait  Archean.     (Van  Hise,  U.  S.  Geol.  Surv.) 

regions.  In  addition,  the  Upper  Cambrian  beds  are  spread  widely 
o\-er  the  interior  of  the  continent,  indicating  that  the  sea  had  extended 
itself  greatly  at  the  expense  of  the  land  in  the  Potsdam  epoch.  Where 
the  Upper  Cambrian  rests  on  pre-Cambrian  formations,  it  is  in  imcon- 
fonnitv  with  them. 

Fig.  95  shows  something  of  the  distribution  of  the  Upper  Cambrian 
series.  The  black  areas  represent  the  areas -where  the  series  comes 
to  the  surface;  the  areas  lined  horizontally  represent  the  areas  where 
it  is  confidently  believed  to  be  present,  though  buried;  the  areas  shaded 
by  dashes  are  the  areas  where  the  series  is  probably  present;  while 
the  dotted  tracts  represent  the  areas  from  which  the  series  is  thought 
to  have  been  removed  by  erosion.  The  blank  areas,  except  in  Mexico 
and  Central  America,  stand  for  the  tracts  which  are  thought  to  have 
remained  above  the  sea  throughout  the  Cambrian  period  ;2  in  those 
countries,  they  represent  lack  of  knowledge. 

Sectioxs  of  the  Cambrian  and  their  Interpretation. 

Fig.  96  represents  known  sections  of  the  Cambrian  formations 
in  various  localities.'    The  study  of  these  sections,  while  involving 

*  llricfa  and  Schuchcrt  think  that  the  Appalachian  sjTiclinorium  of  Early  Cam- 
bruD  time  was  laiigely  drained  at  the  close  of  that  epoch.     Loc.  cit.,  p.  636. 

•Since  this  map  was  prepared,  Upper  Cambrian  beds  have  been  reported  from 
•xitiiweBtem  Texas.  Richardson,  Reconnaissance  in  Trans  Pecos,  Texas,  Bull.  9. 
rnir.  of  Tex.  Min.  Surv. 

'Waloott,  BuIL  81,  U.  S.  Geol.  Surv. 


IG,  1)5.— M:tp  sliowiiij;  tlic  V\>]>eT  Ciiml.rian  foniiations.  Tlie  outc 
in  Mack.  Tli<- cimiiamma  liiius  rcpn-sfiit  nn-as  where  tlie  Upper  I 
tiima  are  eoiifidenlly  bHiiivoil  to  cxint,  llioiiRh  concealed,  tlw  ■ 
uiras  wliorc  1  here  is  some  rpowtm  for  lii'lieving  tliem  to  exist.  1 
ri'prpKtmt  nreaa  from  ivluch  tbfi  X"p[)er  Ciiniliriim  is  brlicved  to  lis" 
by  crosiiin.     Tlie  uiisliadoU  arcow  liavp  tlip  siiino  mcaninj;  as  in  Fig, 
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some  repotitionof  what  has  been  said,  will  help  to  make  clear  the  method 
by  which  the  geography  (and  therefore  the  geologj')  of  the  successive 
stages  of  the  Cambrian  is  made  out.  If,  for  example,  sections  1  and  2 
be  compared,  it  is  seen  that  in  both  cases  the  three  divisions  of  the 
Cambrian  system  are  present,  and  that  in  both  cases  the  Lower 
Cambrian  rests  unconformably  on  the  Proterozoic,  while  the  Middle 
peats  conformably  on  the  Lower,  and  the  Upjx^r  on  the  Middle.  From 
these  two  sections  it  is  inferred  that  the  Cambrian  seas  covered  the 
two  localities  where  these  sections  occur,  during  at  least  the  later 
portion  of  the  Early  Cambrian,  during  the  Middle  Cambrian,  and  dur- 
ing at  least  the  earlier  portion  of  the  loiter  Cambrian  epoch.  These 
sections  do  not  indicate  how  much  of  the  Upper  Cambrian  in  these 
two  areas  has  been  removed  by  erosion.  From  the  strict  conformity 
of  the  three  groups  of  strata,  it  is  probable  that  the  Middle  Cambrian 
beds  are  present  in  their  full  thickness  in  both  sections;  that  is,  that 
both  localities  were  under  water  continuously  in  the  Middle  Cambrian 
epoch,  and  that  none  of  the  Middle  Cambrian  series  has  been  lost  by 
erosion. 

It  will  be  noted  that  the  Lower  Cambrian  in  section  1  is  much 
thinner  than  that  in  section  2.    This  might  be  explained  in  either  of 
two  waj-s.      (1)  In  the  area  of  section  1,  the  Proterozoic  (Algonkian) 
surface  may  have  been  above  water  during  a  part  of  the  Lower  Cam- 
brian epoch.     If  this  be  true,  the  land  at  this  ix)int  must  have  sunk 
so  as  to  let  the  sea  cover  it  before  the  clost*  of  th(»  (»i)och.     If  the  area 
of  section  2  was  under  water  longer  during  the  early  Cambrian  ei)och, 
the  greater  thickness  of  the  Lower  Cambrian  in  this  st^ction  would  be 
explaineil.     (2)  The  other   jX)ssible  explanation  of  the   iii(K|uaIity  is 
found  in  the  unequal  rates  of  accumulation  of  sediments.     So  far  as 
ihe  sections  show,  both  areas  niiiy  have  IxH^n  under  wat(T  during  the 
whole  of  the  Georgian  epoch;    but  if  the  rate  of  sedimentation  was 
>lower  at  1  tlian  at  2,  the  thickness  of  strata  would  be  C()rresjx)ndingly 
W^.    From  the  sections  it  is  not   i)Ossible  to  decide  lx*tween  these 
aitemative  explanations. 

If  section  2  be  compared  with  section  3,  a  somewhat  different 
relation  Is  sho\^Ti.  In  the  latter,  the  Lower  and  Middle  Cambrian  are 
both  present,  while  the  Upper  Cambrian  is  wanting.  This  again  might 
b»*  explained  in  either  of  two  ways.  Either  eastern  Massachusetts 
rose  above  sea  level  after  the  Middle  Cambrian  ejX)ch,  so  that  the  Upper 
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Cambrian  strata  were  not  deposited  there,  or  the  Upp 
beds,  once  deposited,  have  since  been  removed  by  erosic 
these  alternatives  the  figure  does  not  decide. 

If  section  3  be  compared  with  section  4,  it  will  be  i 
latter  lacks  the  Middle  Cambrian  as  well  as  the  Uppei 
resting,  as  before,  imconformably  on  the  Proterozoic. 
might  mean  either  that  the  area  where  it  occurs  emerj 
sea  before  the  Middle  Cambrian  epoch,  or  that  such  Midd 
Cambrian  beds  as  were  once  deposited  there  have  since 
away  by  erosion. 

From  section  7  it  is  seen  that  the  Lower  Cambrian  of 
York  has  extraordinary  thickness,  compared  with  the 
northeast.    As  in  the  case  of  sections  1  and  2,  this  maj 
that  the  reign  of  section  7  was  under  water  longer  duri 
Cambrian  epoch,  or  that  sedimentation  was  here  more 
rapid  rate  of  accumulation  might  be  accoimted  for  in  n 
way.     If  the  area  of  section  7  was  near  a  coast,  and  es] 
adjoining  land  was  high,  rapid  sedimentation  would  be 
low.     If  at  the  same  time  the  formations  of  the  land  were 
the  rate  of  sedimentation  would  be  still  further  incre 
may  have  come  into  the  sea  in  this  vicinity  with  heavy 
ment,  or  shore  currents  may  have  been  such  as  to  allow  of 
rapid  accumulation  of  sediments  at  this  point. 

The  Upper  and  Middle  Cambrian  of  section  8  are  som( 
than  the  corresponding  series  in  sections  1,  2,  and  6. 
Upper  Cambrian  is  concerned,  the  thinness  might  be  d 
moval  of  its  upper  part  by  erosion;    but  the  thinness  ( 
Cambrian,  taken  together  with  its  conformity  above  and 
to  indicate  that  the  accumulation  of  sediment  was  here  r 
during  this  epoch.      The  study  of  the  various  sections 
made  to  throw  light  upon  the  conditions  which  existed 
where  sections  are  known. 

In  the  areas  where  sections  1  to  11  and  13  to  17  occ 
Cambrian  strata  are  present.  This  means  that  the  Loi 
seas  covered  these  areas.  On  the  other  hand,  sections 
gest,  by  the  absence  of  the  I^wer  Cambrian  formations_ 
did  not  occupy  the  area^  where  these  sections  occur  in  th 
brian  epoch.    The  only  alternative  is  that  the  Lower  C« 
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once  covered  this  area,  but  were  subsequently  remove 
before  the  Potsdam  epoch,  an  alternative  for  which  the 
be  no  warrant.  Sections  27  and  28  show  Middle  Cambrii 
ing  on  Proterozoic  or  Archeozoic  rock,  thus  indicating  th 
Cambrian  sea  covered  the  localities  of  these  sections, 
Early  Cambrian  sea  did  not.  Sections  18  to  26  show  tl 
Upper  Cambrian  beds  only,  and  therefore  give  some  c 
extent  of  the  advance  of  the  sea  upon  the  land  in  the 
brian  epoch. 

Interpretations. 

Interpreting  these  sections,  it  is  inferred  that  in  the 
the  Cambrian    period  the    sea  covered    some  parts  of 
border  of  the  present  continent  as  far  south  as  Massac 
it  occupied  a  narrow,  strait-like  belt  along  the  Appal; 
it  was  also  present  in  the  west,  but  that  the  great  intc 
the  most  part,  land  (Fig.  90).     From  the  same  data  it  is 
during  the  Middle  Cambrian  epoch  the  sea  encroached  oi 
from  the  south  and  west,  reaching  western  Montana,  . 
Texas  during  the  Middle  Cambrian  epoch  (Fig.  96).     S 
the  Potsdam  (Saratogan)  epoch,  the  sea  gained  domini 
land  until,  at  its  close,  a  large  part  of  the  area  of  the  T 
was  beneath  the  sea  (Fig.  96). 

Theoretically,  this  result  may  have  been  brought  abc 
of  the  sea,  or  by  a  lowering  of  the  land,  or  by  both  togethe 
ing  the  point  of  view  somewhat,  it  may  have  been  brouj 
a  deep-seated  deformation  of  the  earth  ^s  body,  or  by  superf 
whether  gradational  or  deformational,  or  by  both  combir 
not  be  best  to  try  to  reach  final  conclusions  where  the  i 
intricate  and  the  data  so  imperfect  as  in  this  case,  but 
weigh  the  considerations  that  favor  one  or  another  of 
participating  agencies  and  to  try  to  discriminate  betwe< 
of  tlie  inevitable  agencies  and  that  of  the  more  or  less  unci 

There  is  need  to  discriminate  at  the  outset  between  t^ 
deformation.    The  one  is  that  which  has  just  been  callec 
mation,  whose  origin  is  presumed  to  be  internal,  while  the 
will  be  defined  below,  is  superficial  deformation^  and  more 
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pendent  of  internal  forces  at  the  time  of  its  accomplishment.^  As 
will  appear  presently,  superficial  deformations  are  not  excluded  by 
the  general  evidence  against  profound  deformations.  In  the  present 
case  we  may  first  inquire  how  far  gradation  and  allied  agencies  may 
have  been  effective  in  bringing  about  the  transgression  of  the  sea  over 
a  large  ptftrt  of  the  American  continent  in  the  later  part  of  the  Cam- 
brian pjeriod.  We  may  inquire  next  how  far  superficial  deformations 
may  have  cooperated  with  gradation  in  bringing  about  the  transgres- 
sion of  the  sea;  and  then,  if  these  seem  inadequate,  we  may  resort 
to  the  more  hypothetical  forces  that  reside  in  the  deeper  body  of  the 
earth. 

(1)  How  far  may  gradation  have  been  competent  to  bring  about  the 
submergence  of  the  continent? — Gradation  is  perpetual  and  inevi- 
table where  land  and  sea  exist.  The  waves  attack  the  land  along  its 
borders,  and  the  familiar  agents  of  degradation  reduce  its  surface. 
The  former  is  a  direct  cause  of  the  encroachment  of  the  sea  upon  the 
land,  and  the  latter  an  indirect  one,  since  all  sediments  transported 
from  the  land  and  deposited  beneath  the  sea  displace  an  equal  volume 
of  water,  and  correspondingly  raise  the  sea  surface.  Small  as  this 
rise  must  have  been  for  any  brief  period,  its  effect  was  to  cause  the  sea 
to  advance  upon  the  land.  The  lowering  of  the  land  b}-  degradation 
at  the  same  time,  facilitated  the  advance.  //  continued  long  enough, 
this  cooperative  process  of  shore-cutting  around  the  borders  of  the 
lands,  of  down-cutting  over  the  whole  surface,  and  of  uplifting  of  sea- 
level,  must  inevitably  have  caused  the  water  to  cover  the  whole  con- 
tinent and  to  spread  deposits  over  all  but  the  last  remnants  of  it,  pro- 
vided there  was  no  deformation  of  the  body  of  trie  earth  in  the  meantime. 
This  familiar  process  is  illustrated  in  miniature  in  \^ol.  I,  pp.  60-62, 
where  the  lifting  of  the  sea-level  is  neglected,  because  infinitesimal  in 
that  case.  Since  this  complex  process  is  inevitable,  it  is  well  to  assign 
to  it  whatever  it  is  competent  to  do  consistently  with  the  results  of 
other  agencies  known  to  have  been  in  operation  at  the  same  time. 

It  has  been  computed  that  if  the  earth,  in  its  present  condition,  were 
to  remain  without  deformation  for  the  recjuisite  period,  the  erosion  of 
the  continents  and  the  transfer  of  the  material  to  the  sea  would  raise 
the  sea-level  about  650  feet  (Vol.  I,  p.  545).     The  last  remnants  of  the 

•  For  the  general  treatment  of  these  two  phases  of  deformation,  see  Vol.  I,  pp.  54S- 
580,  and  this  Vol.,  pp.  n»-132. 
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continents  to  be  submerged  by  this  process  would,  then 
that  height  above  the  present  sea-level.  The  disturbe< 
the  Proterozoic  formations,  and  the  tnmcated  conditio: 
tinned  beds,  may  be  taken  as  good  evidence  that  the  co 
forth  from  the  sea  rather  prominently  at  the  close  of  t 
era.  The  actual  mass  of  the  continents  is  not  known,  an< 
essential  for  present  purposes.  The  higher  the  contine 
the  material  available  for  removal  to  the  sea  and  so  for  th 
surface  when  deposited  beneath  it,  and  the  more  the 
to  submerge  the  continents;  while  the  lower  the  continen 
material  available  for  lifting  the  sea,  and  the  less  lifting  n< 
it  to  cover  the  land.  It  is  a  case  of  reciprocal  relations 
accommodation,  in  any  event.  The  result  is  certain  L 
the  time  be  long  enough  and  deformation  does  not  inte 
mation  is  a  possible  bar,  as  well  as  a  possible  aid,  to  the  ' 
of  the  sea  on  the  land.  A  satisfactory  explanation  of  t 
great  tracts  of  land  by  the  sea  may  therefore  requh^  th< 
the  limitation,  of  profound  crustaJ  movements,  rath 
participation. 

The  direct  evidence  of  gradation  in  the  Cambrian  i 
and  firm,  for  there  is  no  ground  to  doubt  that  the  mai 
Cambrian  sediments  was  eroded  from  the  land  and  de 
sea.  This  gradation  tended  to  lower  the  land  and  raise 
are  safe,  therefore,  in  concluding  that  surface  action  was 
in  the  result  attained.  There  is  much  evidence  tha 
progress  was  made  toward  the  base-leveling  of  the  Aj 
nent,  and  of  other  continents  as  well,  before  the  close  of 
period.  The  very  fact  of  the  spreading  of  the  sea  so  w 
interior  of  a  continent,  and  of  the  laying  down  of  a  rela 
and  not  very  thick  formation  of  sandstone  over  such  b 
a  surface  which  approached  a  plane,  though  underlain  1 
are  commonly  much  deformed,  is  in  itself  evidence  of  e 
ing  by  degradation. 

Now  base-leveling  implies  a   nearly  undisturbed  aUitx 
and  sea  during  its  progress,  and  hence  in  itself  favors  th< 
great  deformation  affected  the  continent  while  it  was 
harmony  with  this  view,  there  is  an  absence  of  direct 
profound  deformation  during  the  Cambrian  period.    T 
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fore  a  presumption  in  favor  of  gradation  and  against  body  defor- 
mation during  the  period,  and  good  practice  in  interpretation  leads  us 
to  inquire  how  far  the  former  may  have  been  the  cause  of  the  sub- 
mergence of  the  continent,  before  we  resort  to  the  doubtful  expedient 
of  invoking  profoimd  deformation. 

If  gradation  were  the  sole  agency  involved  in  the  submergence  of 
the  lands,  the  advance  of  the  sea  should  have  been  systematic,  though 
not  necessarily  equal  in  rate  or  extent  at  all  times  and  places,  and 
along  this  line  a  means  may  be  found  of  judging  how  far  this  agency 
was  a  real  one.  Without  attempting  to  make  a  full  application  of 
this  test  here,  it  seems  certain  that  there  were  some  shiftings  of  the 
areas  of  deposition  other  than  those  which  might  have  arisen  from  a 
simple  gradational  advance  of  the  sea  upon  the  land,  and  that  there 
are  specific  evidences  of  warping,  as  implied  by  the  differences  in  the 
<lepth  of  the  deposits  and  in  their  characters  and  relations  to  one  another, 
as  brought  out  in  the  previous  descriptions.  None  of  these  warpings 
were,  however,  of  the  more  intense  and  declared  type,  such  as  occurred 
rppeatedly  in  the  Proterozoic  and  Archeozoic  eras.  Those  which  are 
now  known  were  of  a  relatively  gentle  type,  and  limited  in  amount 
and  in  prevalence.  These  characteristics  of  the  Cambrian  deforma- 
tions lead  to  inquiry-  under  the  second  head. 

(2)  How  far  may  superficial  deformation  have  contributed  to  the 
sobmergence  of  the  lands? — (a)  Lateral  spreading. — ^The  continental 
platforms  now  stand  forth  above  the  ocean  bottom  as  great  plateaus. 
Thev  mav  be  roundlv  estimated  to  rise  15,000  feet  above  their  true 
sub-oceanic  base.  Their  weight  develops  a  pressure  on  their  basal 
parts  that  may  safely  be  estimated  at  15,000  to  20,000  pounds  to  the 
square  inch.^  This  pressure  tends  to  cause  the  platforms  to  spread 
by  lateral  creeping.  This  is  opposed  by  the  strength  of  the  rock,  and 
by  the  hydrostatic  pressing  of  the  oceans  against  the  sides  of  the  plat- 
forms. If  this  last  be  estimated  at  5000  pounds  per  square  inch  at 
the  bottom,  there  remains  an  unbalanced  pressure  of  10,000  to  15,000 
poimds  per  square  inch.     Even  the  lesser  of  these  figures  is  equal  to 

*  For  rou^  computations  where  exact  accuracy  is  immaterial,  it  is  convenient 
xn  remember  that  a  cubic  foot  of  rock  weighs  about  as  many  pounds  as  there  are 
square  inches  in  its  base,  though  usually  somewhat  more.  Hoskins,  in  his  com- 
putation of  the  strength  of  domes  (A^ol.  I,  p.  581),  takes  180  pounds  as  the  weight 
of  a  cubic  foot  of  finn  ciystalline  rock  of  the  granitic  type,  180  h- 144 » 1.25.  At 
2.7  fp.  gr.,  a  cubic  foot  weighs  167  lbs.     167-f-144  =1.16. 
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the  crushing  strength  of  some  of  the  weaker  rocks,  anc 
percentage  of  the  crushing  strength  of  even  the  strongest 
less  pressure  than  this,  rocks  are  often  observed  to  cree; 
and  canyons.  It  is  not  improbable,  therefore,  that  a  p: 
magnitude,  constantly  exerted  for  a  prolonged  periodj 
some  spreading  of  the  great  continental  platforms,  and  h 
lowering  of  their  surfaces,  and  (2)  at  the  same  time  so: 
sea-level. 

Such  a  force,  perpetually  in  readiness  to  act,  if  not  ac 
ing  movement,  would  always  cooperate  with  any  othe 
tended  to  work  in  the  same  direction,  or  to  develop  wc 
resisting  power  of  the  continental  mass.  Cooperating  wi 
lar  changes  concerned  in  rock  alteration,  this  pressure  i 
give  the  rocks  lateral  extension  in  the  line  of  least  resistar 
it  is  really  very  effective  or  not,  it  is  at  least  a  constant  i 
to  produce  lateral  creep,  and  hence  to  cause  a  lowering 
of  the  continents,  a  rise  of  the  surface  of  the  sea,  and  there 
ing  of  the  ocean  waters. 

We  have  considered  this  point  on  the  basis  of  the  pi 
heights  of  the  continents  above  the  ocean  floor.  A  lit 
tion  will  show  that  we  are  not  likely  to  be  far  in  error  in 
lar  figures  to  the  Cambrian  continents,  for  if  the  volume 
was  then  not  far  from  what  it  is  to-day,  the  ocean  basi 
had  much  the  same  capacity  as  now,  and  as  the  conti 
appear  to  have  had  much  the  same  area  as  they  now  h 
in  Cambrian  times  may  be  assumed  to  have  been  of  the 
order  of  magnitude  as  now.  It  may  at  least  be  assumed 
sufficiently  great  to  have  involved  these  consideration? 
seen  that  continental  spreading  or  creeping  will,  within 
its  operation,  diminish  the  capacity  of  the  ocean  basins, 
to  cause  the  waters  to  overflow  the  lands. 

No  attempt  is  here  made  to  definitely  estimate  the 
tliis  agency,  but  some  considerations  which  bear  upon  it 
(1')  It  cannot,  probably,  have  been  of  a  very  high  orde 
have  affected  adversely  the  perpetuation  of  the  continent 
degree  than  the  record  indicates.  If  the  continental 
spread  with  anything  like  the  facility  that  continental  i 
the  land  would  probably  have  been  completely  subme 
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each  of  the  great  periods  of  body  deformation.  It  is  believed  that 
during  great  deformations  the  land  segments  are  squeezed  between 
the  ocean  segments,  and  forced  up  relatively  (Vol.  I,  pp.  542-551), 
mnd  that  the  perpetuation  of  the  continents  in  the  face  of  gradation, 
spreading,  etc.,  is  dependent  on  this  periodic  rejuvenation.  As  the 
periods  between  these  rejuvenations  of  the  continents  appear  to  have 
teen  long,  the  lateral  creeping  action  must  have  been  slow  and  limited 
in  amount  relatively;  yet  it  may  have  counted  for  something  in  the 
lowering  of  the  surface,  and  in  the  spread  of  the  sea.  (2')  The  faulting 
<rf  the  land  areas  is  predominantly  of  the  tensional  type,  and  this  type 
is  hence  called  normal.  Just  how  this  type  of  faulting  came  to  be  a 
dominant  one,  is  an  outstanding  problem  of  geology.  It  may  have 
taken  place  in  part  during  the  periods  of  continental  compression; 
but  the  thrust  (reversed)  faulting  is  most  reasonably  referred  to  these 
periods,  and  it  is  not  easy  to  see  how  tension  faulting  could  have 
predominated  during  a  period  of  dominant  lateral  thrust.  If  tension 
faults  did  not  occur  abundantly  during  periods  of  compression,  they 
are  chiefly  to  be  referred  to  the  intervening  periods  of  quiescence  or 
relajuition,  and  the  spreading  of  the  continents  would  seem  to  fur- 
nish appropriate  conditions.  Normal  faulting  may  therefore  finally 
prove  to  be  an  evidence  of  a  glacier-like,  but  extremely  slow,  creep  of 
the  continental  masses.  (3')  The  upper  portion  of  all  formations  com- 
posed of  non-plastic  rocks  is  affected  by  crevices,  and  these  manifest 
a  nearly  universal  tendency  to  gap.  Taken  altogether,  the  amount 
of  gaping  thus  indicated  is  very  considerable,  even  when  allowance 
is  made  for  enlargement  by  solution  or  any  demonstrable  shrinkage. 
Cracking  and  spreading  of  this  kind  is  what  might  be  expected  if  the 
deeper  parts  have  crept  laterally  under  pressure,  just  as  similar  cracks 
open  and  widen  on  the  surface  of  asphalt  when  it  slowly  spreads  under 
Its  own  weight.  Without  affirming  that  this  is  the  explanation  of 
cre\ncing,  or  that  it  is  evidence  of  continental  spreading,  the  mutual 
fitness  of  the  two  is  worthy  of  consideration. 

(6)  Mutual  adjustment  of  continental  and  oceanic  segments. — Ck)n- 
tinental  spreading  would  be  operative,  as  seen  above,  even  if  the  base 
plane  on  which  the  continent  may  be  conceived  to  rest  were  abso- 
lutely inflexible.  This,  however,  is  not  the  case,  and  there  is  need  now 
to  consider  wliether  the  continents  might  not  sink  and  cause  the  ocean 
bottoms  to  rise  by  reciprocal  action,  like  the  two  arms  of  a  balance. 
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If  the  continental  segments,  taken  as  deep  masses,  weigh 
the  equivalent  portions  of  the  sub-oceanic  segments,  the 
tended  to  settle  down  and  force  the  latter  up  until  they  r 
static  equilibrium.  This  would  of  course  be  opposed  b; 
of  the  rock,  as  in  the  previous  case.  If  the  continental 
a  lower  specific  gravity  than  the  oceanic  segments,  so  that 
in  essential  balance,  there  would  have  been  no  tendency 
to  sink,  though  the  tendency  to  spread,  as  discussed  abo 
remain. 

Pendulum  observations  seem  to  show  that,  on  the  w 
tinental  segments  are  now  in  approximate  hydrostati 
with  the  oceanic  segments,  and  on  this  is  built  the  doctr 
or  the  essentially  balanced  condition  of  the  earth's  c 
standing  the  inequalities  of  its  height.^    At  the  same  ti 
observations  seem  to  show  that  notably  elevated  regions, 
that  of  the  Cordilleran  tract,  stand  higher  than  they 
were  in  isostatic  balance  .^    There  is  in  such  evidences 
considerations  that  cannot  be  stated  with  sufficient  fc 
place,  groimd  for  thinking  that  during  profound  bodil; 
the  continental  segments  may  be  pressed  up,  in  por 
beyond  the  plane  of  equilibrium,  and  that  during  the 
escence  that  follows,  they  tend  to  settle  back  to  the  eqi 

If  this  view  be  well  taken,  there  is  ground  for  belie 
portions  of  the  Cambrian  continents  were  pressed  up  be 
of  isostatic  equilibrium  during  the  late  Proterozoic  def 
that  they  slowly  subsided  during  the  long  Cambrian  ] 
nature  of  the  case,  such  a  movement  would  be  unsyn 
tributed,  and  the  result  would  be  manifested  in  slow. 
It  would  be  more  efficient  in  the  early  stages  of  the  q 
than  later,  for  erosion  would  join  with  the  subsidence 
overweighting. 

(c)  Isostatic  adjustments  due  to  gradation. — If  the  con 
in  isostatic  equilibrium  at  the  opening  of  the  Cambrian 

^  Dutton,   Greater    Problems  of  Physical  Geology,  Bull.  Phil, 
XI;  also  Am.  Jour.  Sci.,  Ill,  1874;  Woodward,  Mathematical  The 
Vice-Pres.  Address,  Math.  Sect.  Am.  Assoc.  Adv.  Sci.,  1899;   also 
for  1890. 

*  Putnam  and  Gilbert,  Bull.   Phil.  Soc.   Washington,  Vol.  Xl 
Gilbert,  Jour,  of  Geol,  Vol.  Ill,  p.  331. 
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moval  of  matter  from  the  protruding  surfaces,  and  its  deposition  about 
the  borders  of  the  land,  would  have  disturbed  the  balance  and  caused 
fome  tendency  to  warping;  for  even  if  the  body  of  the  earth  be  too 
rigiti  to  be  sensibly  influenced  by  such  changes,  the  local  loading,  where 
deep  deposits  were  made,  would  somewhat  compress  the  rock  beneath, 
and  the  unloading,  where  the  surface  was  cut  away,  would  permit  their 
expansion.  Such  effects  would  obviously  be  limited  if  the  crust  is 
inflexible  to  such  moderate  stresses;  but  the  crust  is  sometimes  held 
to  be  responsive  to  very  moderate  loading  and  imloading.  The  general 
result  of  changes  of  level  brought  about  by  this  cause  would,  on  the 
whole,  be  opposed  to  submergence  of  the  land. 

(</)  Adjustments  due  to  thermal  changes  resulting  from  gradation. — 
The  unequal  erosion  and  deposition  of  the  period  tended  to  unequal 
loss  of  heat,  and  hence  to  unequal  contraction,  and  so  contributed 
sightly  to  superficial  warping.  The  general  effects  of  changes  brought 
about  in  this  way  would  have  been  opposed  to  those  brought  about  by 
isostatic  adjustments  due  to  gradation. 

(e)  Adjustments  due  to  thermal  changes  incident  to  diastrophism. — 
In  the  course  of  the  distortion  of  the  crust  attending  a  great  period  of 
iliastrophism,  such  as  that  which  preceded  the  Cambrian  period,  un- 
equal temperatures  were  undoubtedly  developed  in  the  compressed, 
contorted,  and  disrupted  masses,  and  these  tended  to  equalize  them- 
selves by  distribution  during  the  following  period  of  quiescence,  and 
this  doubtless  resulted  in  some  gentle  warping.  This  may  have  been 
a  contributing  cause  to  submergence. 

(J)  Adjustments  due  to  easing  of  stresses. — So,  too,  in  the  process 
of  distortion,  unequal  stresses  must  certainly  have  been  developed, 
and  these  would  tend  to  ease  themselves  by  slow  changes  as  time  went 
on,  and  this  also  contributed  to  mild  warpings  and  slight  deformations. 
The  general  tendency  of  such  changes  was  probably  toward  a  lowering 
of  the  elevated  s^ments  of  the  earth. 

Without  attempting  to  make  the  list  entirely  exhaustive,  it  may  be 
remarked  that  here  is  a  group  of  changes  which  had  their  origin,  for 
the  greater  part,  in  previous  diastrophism ^  and  which  probably  con- 
tinued to  slightly  modify  the  configuration  of  the  surface  for  a  long 
time  after  the  main  diastrophic  action  had  ceased.  They  may  have 
cooperated  with  the  gradational  process  through  the  Cambrian  period. 
Tbey  may  have  interfered  with  the  base-leveling  process  in  some  measure, 
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and  may  have  notably  modified  it  locally;  but,  on  the  whol 
they  aided  in  lowering  the  continents,  they  assisted  in  tl 
transgression  of  the  sea,  the  great  fact  to  be  explained. 

If  these  agencies  are  adequate,  it  is  unnecessary  to  apj 
more  occult  and  periodic  forces  that  affect  the  profoundei 
tions  of  the  earth.  More  particularly  is  this  true  because, 
noted  in  passing,  the  usual  effects  of  these  profoimder  agen 
the  opposite  character.  Their  normal  work  appears  to  be 
the  ocean  basins,  to  withdraw  the  epicontinental  seas,  tc 
the  continents  laterally,  and  to  increase  their  protuberances. 

The  general  tenor  of  these  considerations,  taken  in  conni 
the  sedimentary  record  of  the  period,  favors  the  view  tha 
beginning  to  the  close  of  the  Cambrian,  there  was  general 
so  far  as  the  profounder  phases  of  bodily  deformation  were 
and  that  gradation  (degradation  of  the  land,  and  aggrada 
sea  bottom)  was  a  principal  cause  of  the  transgression  of  tl 
that  the  transgression  thus  brought  about  was  attended  ar 
by  superficial  warpings  and  deformations.    These  deforma 
for  the  most  part,  of  the  milder  kind,  and  due  to  a  series  o 
adjustments  springing  largely  from  previous  diastrophisn 
witli  incidental  causes  of  a  superficial  nature.     Locally,  th 
liave  IxHMi  somewhat  pronounced,  as  indicated  by  the  great 
nesses  of  the  Cambrian  sediments,  but  as  will  be  seen  later  i 
common  interpn^tation  of  these  great  thicknesses  may  be 
question,  at  least  to  the  extent  of  notably  reducing  the 
deformations  which  they  have  been  assumed  to  imply. 

Thi^  bast^eveling  movement,  attended  by  further  se; 
sion,  continued  to  Ix^  the  dominant  feature  of  the  earlier  po 
next  jH^iod. 

Basis  [or  (he  Subdivision  of  the  Cambrian, 

We  havi^  now  to  inquire  the  means  by  which  the  Caml 
may  Ih^  itTognizod,  and  further  the  means  by  which  the  I 
hrian  may  Ih^  distinguished  from  the  Middle,  and  the  Midd 
l'P|HM\  In  other  words,  how  is  it  known  that  the  strat 
wvtions  Iv^  2t>,  of  Fig.  90.  are  Cambrian,  and  how  is  it  know 
art^  rp|HM'  Cambrian,  as  ilistinct  from  Lower  and  Middle. 

Stratigraphic  relations. — From  what  has  gone  before,  i 
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that  the  stratigraphic  relations  of  a  formation  with  the  formations 
next  beneath  do  not  necessarily  determine  its  age.  As  the  sections 
Jww,  the  Lower,  the  Middle,  and  the  Upper  Cambrian  strata  in  turn 
let  unconf ormably  upon  pre-Cambrian  rocks.  Just  as  the  Upper  Cam- 
fariin  overlaps  the  earUer  formations  of  the  period,  resting  uncon- 
iormably  on  the  pre-Cambrian,  so  any  later  formation  might  overlap 
tbe  Upper  Cambrian  and  sustain  similar  relations  to  the  Proterozoic 
and  Archean  systems.  It  follows  that  where  one  formation  is  uncon- 
fonnable  on  another  of  known  age,  the  stratigraphic  relations  between 
them  do  not  determine  the  age  of  the  younger,  beyond  the  general 
iuX  that  it  is  younger  than  the  base  on  which  it  rests.  If,  on  the  other 
handy  a  formation  is  conformable  on  another  of  kno^vn  age,  the  pre- 
sumption is  strong  that  the  upper  succeeded  the  lower  without  inter- 
ruption. If  this  inference  be  correct,  the  approximate  age  of  the  upper 
is  known.  But  even  here  there  is  possibility  of  error.  If,  after  a 
formation  is  deposited,  the  sea  bottom  where  it  lies  is  brought  above 
water  level  without  deformation  of  the  beds,  and  if  the  elevation  be 
so  sli^t  as  not  to  j)ermit  of  much  subaerial  erosion  on  the  newly  emerged 
surface,  it  might  be  submerged  at  a  later  time  and  receive  a  new  series 
of  deposits,  the  beds  of  which  would  be  stratigraphically  conformable, 
or  approximately  so,  with  those  below.  It  is  clear,  therefore,  that  the 
answer  to  the  question  proposed  in  this  paragraph  is  not  always  to  be 
found  in  the  stratigraphy  of  the  formations  concerned.  The  complete 
aa-swer  involves  as  well  a  consideration  of  the  fossils  which  the  forma- 
tions contain. 

Fossils. — It  has  been  stated  that  life  existed  in  the  preceding  eras. 
\Vt  in  the  Proterozoic  formations,  fossils  are  exceedingly  rare,  though 
it  tloes  not  follow  that  life  was  sparse  during  their  deposition.  ^Mien, 
after  the  lapse  of  the  long  interval  between  the  deposition  of  the  young- 
*^  Proterozoic  and  the  oldest  Cambrian  strata,  as  known  in  most  parts 
of  North  America  where  detailed  geological  work  has  been  done,  the 
waters  again  advanced  over  the  land  surface,  making  the  deposits  which 
are  now  known  as  Cambrian,  they  teemed  with  life.  As  the  sediments 
were  rieposited,  the  sheUs  or  such  other  hard  parts  as  the  animals  pos- 
?e:sse<i,  were  buried  in  the  gathering  sands  and  muds,  and  some  of  them, 
••r  the  impressions  which  they  made,  remain  to  this  day.  The  Cambrian 
i>  therefore  the  oldest  known  system  of  rocks  which  contains  abundant 
f'»ssiLiJ. 
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The  fossils  in  the  strata  of  any  division  of  the  Cambri 
the  known  fauna  of  that  stage.  The  fossils  found  prol 
represent  the  full  fauna  of  any  stage,  since  it  is  hardly  tc 
that  relics  of  all  species  have  been  preserved.  The  term  it 
a  geographic  and  a  geologic  significance.  The  Upper  Ca 
includes  all  forms  of  animal  life  of  the  Upper  Cambrian 
the  Upper  Cambrian  fauna  of  New  York  includes  only  thos 
lived  in  that  region  at  that  time. 

With  the  possible  exception  of  the  Atlantic  coast  re 

Newfoimdland,  the  oldest  known  part  of  the  Cambrian  sy 

certain  fossils  which  are  distinctive.    Among  them  are  tl: 

genus  of  trilobites  known  as  Olenellus  (Fig.  118  a,  p.  281) 

the  representatives  of  the  genus  Olenellus,  there  are  manj 

of  various  types  of  life.    To  the  aggregate,  the  name  01 

has  been  given.    It  is  not  to  be  understood  that  represei 

genus  Olenellus  itself  are  found  at  all  points  where  the 

the  Cambrian  system  is  present,  or  that  other  genera  of 

absent.    Wherever  Olenelli  are  found,  various  species  oi 

of  trilobites  occur,  as  well  as  various  species  of  genera  o 

of  animals,  and  wherever  these  other  species  of  the  Olenc 

found,   the  Olenelli  themselves  may  be  expected.    Gi 

very  generally  agreed  to  regard  the  base  of  the  formati 

the  Olenellus  fauna  as  the  base  of  the  Cambrian  syste 

nition  of  the  base  of  the  system  has  been  found  appl 

America  and  Europe,  and  in  both  continents  the  Olei 

the    oldest    known   abundant    fauna.     Conformable   b 

below  the  Olenellus  horizon,  and  whose  character  gives 

they   were  deposited   immediately  preceding  the  Olenc 

under  the  same  general  conditions,  are  better  classec 

than  as  Proterozoic,  and  they  may  be  tentatively  referrc 

brian. 

As  time  went  on,  the  inhabitants  of  the  sea  change 
Cambrian  formations  represent  a  sufficiently  long  int 
the  fossils  in  the  lower  beds  are  not  altogether  Uke  those 
single  plane  is  there,  as  a  rule,  a  very  notable  change 

*  For  a  general  discussion  of  the  Olenellus  fauna,  see  Walcott, ' 
U.  S.  Geol.  Surv. 

*  V'alcott,  Bull.  81,  U.  S.  Geol.  Surv. 
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in  successively  higher  beds  some  of  the  species  found  below  disappear, 
ind  new  species  come  in,  as  if  to  take  their  places. 

Where  the  full  system  of  the  Cambrian  is  presented,  the  Olenellus 
buna  is  found  to  be  restricted  to  its  lower  portion.  So  strictly  is  this 
true,  that  (with  the  possible  exception  of  Newfoundland,  see  p.  245) 
the  rocks  containing  the  Olenellus  fauna  are  regarded  as  constituting 
the  Lower  Cambrian.  Olenellus  Cambrian  therefore  becomes  synon- 
omous  with  Lower  Cambrian  and  with  Georgian. 

At  about  that  stage  in  the  Cambrian  system  where  the  genus  Olenel- 
lus drops  out,  the  genus  Paradoxides  appears;  this  is  at  least  true  for 
Newfoundland  and  Europe.  The  other  species  of  fossils  associated 
with  the  genus  Paradoxides  are  somewhat  different  from  those  asso- 
ciated with  the  genus  Olenellus,  and  many  of  them  have  a  wider  range 
tlMni  the  Paradoxides.  The  Paradoxides  and  its  associates  constitute 
the  Paradoxides  fauna,  a  faima  which  includes  many  species  of  other 
genera  of  trilobites,  and  many  species  of  other  classes  of  animals  not 
related  to  trilobites.  By  general  agreement,  the  Middle  Cambrian  of 
the  regions  specified  is  defined  by  the  Paradoxides  fauna,  so  that  Para- 
doxides Cambrian,  Middle  Cambrian,  and  Acadian  are  synonomous 
terms.  The  Paradoxides  fauna  is  so  unlike  the  Olenellus  fauna  that  the 
two  may  be  distinguished  by  those  familiar  with  fossils.  In  the  western 
part  of  North  America,  the  Middle  Cambrian  series  does  not  contain 
fossils  of  the  genus  Paradoxides,  but  its  fauna  is  none  the  less  distinct 
from  that  of  the  Lower  Cambrian  series. 

In  like  manner  the  Paradoxides  (or  other  Middle  Cambrian  fauna) 
is  succeeded  by  another,  known  as  the  Olenu^  or  Dikellocephalus  fauna, 
and  this  fauna  characterizes  the  series  of  strata  which  overlie  the  Middle 
Cambrian.  Geologists  have  agreed  to  define  the  Upper  Cambrian  as 
the  series  of  strata  carrying  the  Olenus  or  Dikellocephalus  fauna.  This 
definition  is  foimd  to  be  applicable  to  Em-ope  as  well  as  to  America. 

It  is  not  to  be  imderstood  that  every  species  of  the  Paradoxides  or 
other  Middle  Cambrian  fauna  is  unlike  every  species  of  the  Olenellus 
fauna  below  and  the  Olenus  fauna  above.  This  is  by  no  means  true; 
but  so  manv  of  the  forms  of  the  three  faunas  are  different,  that  with 
a  considerable  number  of  species  to  judge  from,  their  separation  is 
poesible. 

In  the  discrimination  of  any  of  these  faunas  an  analogy  with 
living  f^niniAlfl  is  sugg^ted.    The  present  faunas  of  North  and  South 
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America  axe  reasonably  distinct;  but  it  does  not  follow  1 
no  species  in  common.  Given  a  single  animal,  even  an 
not  be  able  to  say  that  it  was  from  the  one  continent  or  fi 
though  with  certain  species  even  this  might  be  done; 
number  of  animals  from  either  continent  were  available 
possible  to  determine  to  which  continent,  that  is,  to  wh 
fauna,  they  belonged.  So  with  the  several  Cambrian  : 
have  some  species  in  common,  and  the  common  species 
to  distinguish  them,  or  the  groups  of  strata  which  conta 
one  another.  But  certain  species  are  found  only  in  the  '. 
other  species  only  in  the  Middle,  and  still  others  only  in  1 
of  the  system,  and  these  species  serve  to  distinguish  the 
sions.  If  but  few  fossils  are  present,  and  these  not  of  d( 
the  several  members  of  the  system  may  not  be  separj 
another  on  paleontological  grounds.  Once  the  success 
is  established — Olenellus  below,  Paradoxides  in  the  midc 
locephalus  above — it  is  customary  to  refer  all  rocks  whi 
Olenellus  fauna  to  the  Lower  Cambrian,  all  which  con 
doxides  faima  to  the  Middle  Cambrian,  and  all  which  cont 
or  Dikellocephalus  fauna  to  the  Upper  Cambrian. 

Sequence  of  faunas  based  on  stratigraphy. — It  is  no 
stood  that  rocks  which  contain  such  faimas  are  classed  t< 
because  they  contain  certain  fossils.  This  is  not  the  p 
least  not  the  only  or  the  fundamental  principle,  which  ( 
be  grouped  together.  The  order  of  sequence  of  faunas  is  fi 
by  the  superposition  of  the  strata.  The  Olenellus  faimi 
known  to  be  older  than  the  Paradoxides  fauna,  if  the  b 
the  former  were  not  known  to  underlie  beds  containing 
is  likewise  because  of  their  superposition  that  the  rocks 
Upper  Cambrian  fauna  are  known  to  be  younger  than  tl 
the  Middle  Cambrian  fauna;  in  other  words,  the  basis  fo 
means  of  fossils  miist  necessarily  he  stratigraphic. 

Once  the  succession  of  faunas  is  established,  the  fo 
most  important  aid  in  correlation,  and  frequently  afford 
for  it.  It  should  be  remembered,  however,  that  the  cL 
of  different  regions  together  under  the  name  of  Lower  Ca 
not  primarily  that  they  contain  the  same  fossils,  but 
believed  to  have  been  deposited  at  about  the  same  time 
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sucGession  of  faunas  in  different  regions  is  believed  to  be  in  a  general 
way  the  same,  likeness  of  fossils  in  the  formations  of  different  regions  is 
thought  to  be  evidence  of  their  approximate  contemporaneity.  Fossils, 
therefore,  are  but  a  means  to  an  end,  so  far  as  the  correlation  of  strata 
18  concerned.  It  is  not  to  be  inferred,  however,  that  the  Olenellus 
fauna  ceased  to  exist  at  exactly  the  same  time  in  different  regions  of 
the  same  continent,  much  less  in  different  continents,  and  the  variations 
from  a  true  chronological  classification  which  the  correlation  by  fossils 
mvolves  cannot  be  avoided. 

Upper  limit  of  the  Cambrian  system. — Not  only  have  the  three 
principal  faimal  stages  of  the  Cambrian  been  agreed  upon,  but  it  has 
been  further  agreed  to  draw  the  division  line  between  the  Cambrian 
system  and  that  which  overlies  it  at  the  horizon  where  the  Olenus  fauna 
ends.  The  upper  limit  of  the  Olenus  fauna  is  therefore  the  upper  limit 
of  the  Cambrian  system,  and  corresponds  in  time  with  the  end  of  the 
Cambrian  period. 

At  first  thought  this  division  may  seem  arbitrary,  but  in  reality 
it  b  not  without  a  natural  basis.  The  Upper  Cambrian  formations 
are  occasionally  unconformable  beneath  the  next  succeeding  ones, 
and  in  such  places  the  division  is  a  natiu'al  one.  Much  more  commonly, 
the  next  s^'stem  is  conformable  with  the  Upper  Cambrian;  but  even  in 
conformable  series,  the  faunal  changes  are  more  rapid  in  some  parts 
than  in  others,  and  the  horizon  where  the  Olenus  fauna  ends  is  one 
where  these  changes  are  relatively  abrupt.  The  horizons  of  rapid 
change  in  the  character  of  the  fossils  may  represent  times  of  geographic 
changes,  from  which  changes  in  sedimentation  and  life  resulted. 
Throughout  geological  history  great  faunal  changes  have  followed 
changes  in  the  relations  of  land  and  sea. 

Fig.  97  will  help  to  make  clear  the  principles  here  set  forth.  The 
vertical  space  of  the  diagram  may  be  taken  to  represent  the  Cambrian 
S}-stem,  and  a  part  of  the  system  next  above.  The  fauna  found  at  the 
bottom,  a,  undergoes  gradual  change  in  the  overlying  beds  up  to  the 
horizon  6.  In  the  beds  next  following,  h  to  c,  the  faunal  changes  are 
more  rapid,  and  these  beds  represent  the  transition  from  the  Lower 
to  the  Middle  Cambrian.  From  c  to  d  the  Middle  Cambrian  fauna  is 
found,  though  imdergoing  gradual  change  with  successive  beds.  Be- 
tween d  and  e  the  changes  in  the  fossils  are  again  more  marked,  and 
these  beds  represent  the  transition  from  the  Middle  Cambrian  to  the 
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Upper.  From  c  to  /  the  Upper  Cambrian  faima  is  four 
/  and  g  the  faunal  changes  are  again  more  rapid  and  m 
than  between  h  and  c,  or  d  and  e.  Since  the  changes  at 
are  greater  than  at  the  other  corresponding  horizons  beloi 
above  and  below  fg  are  referred,  not  to  different  epochs 
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Fig.  97. — ^Diagram  to  illustrate  classification  based  on  unequally  rapi 
faunas.  The  fossils  of  the  strata,  6c,  cfe,  and  fg  record  more  rapid 
than  the  strata  ab,  cd,  and  cf.  he  represents  the  transition  from  L 
to  Middle  Cambrian;  dc  from  the  Middle  Cambrian  to  the  Upper  C 
from  the  Upper  Cambrian  to  the  Ordovician.  ab,  cd,  and  ef  re 
Middle,  and  Upper  Cambrian  respectively. 

period,  but  to  different  periods.  The  beds  between  /  an( 
represent  the  transition  from  the  Upper  Cambrian  to  the  i 
ing,  or  Ordovician  fauna. 

A  few  years  since,  question  was  raised  concerning  the  accu 
plicity  of  the  interpretation  *  of  the  Cambrian  sketched  above.  O: 
tions  concerned  the  equivalence  of  the  so-called  Olenellus  fauna  of 
and  Europe,  and  those  of  the  Hudson-Champlain  valley  and  th< 

>  Matthew,  Am.  Geo!.,  Vol.  XIX,  1897,  p.  395. 
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of  North  America.  The  Olenelli  of  Newfoundland  and  Europe  were  thought 
to  be  so  different  from  the  Olenelli  of  most  of  North  America  (see  Fig.  118,  p. 
281)  as  to  be  more  properly  referred  to  another  genus  (Holmia),  and  the  Holmia 
fauna,  as  a  whole,  was  thought  to  be  simpler  than  the  Olenellus  fauna,  and  there- 
fore perhaps  older.  Furthermore,  the  distinct  Paradoxides  fauna  is  found  only 
in  those  regions  where  the  Holmia  fauna  occurs;  it  is  not  in  immediate  asso- 
ciation with  the  commoner  types  of  Olenellus.  The  stratigraphic  relations  of 
the  types  of  Olenellus  and  Paradoxides  faunas  therefore  is  not  established,  if 
Uie  Holmia  and  Olenellus  faunas  be  not  one.  Question  has  also  been  raised  as 
to  the  contemporaneity  of  the  Middle  Cambrian  fauna  of  the  larger  part  of 
North  America,  and  the  Paradoxides  fauna  of  Europe. 

In  the  Hudson-Champlain  valley  the  Olenellus  fauna  appears  to  have  lived 
on  until  the  advent  of  the  Dikellocephalus  fauna.  No  well-marked  Middle 
Cambrian  fauna  intervenes,  though  sedimentation  seems  to  have  been  uninter- 
rupted. 

The  questions  which  have  been  raised  may  lead  to  some  minor  modification 
of  former  views,  but  do  not  seem  likely  to  change  them  fundamentally,  or  to 
lead  to  very  different  opinion  concerning  the  course  of  the  physical  history  of 
the  continent  in  the  Cambrian  period.  They  seem  to  make  two  interpretations 
possible.  The  one  is  that  the  Holmia  fauna  of  Europe  and  Newfoundland  was 
coriteniix)raneous  with  the  Olenellus  fauna  of  North  America.  According  to 
this  view,  they  are  one  geologically  (chronologically)^  but  somewhat  distinct 
gjpographically.  In  this  case  it  would  not  be  strange  that  the  succeeding  faunas 
were  also  somewhat  unlike,  the  Paradoxides  fauna  succeeding  the  Holmia  in  one 
region,  and  the  Middle  Cambrian,  without  the  genus  Paradoxides,  succeeding 
the  Olenellus  fauna  elsewhere.  The  geographic  diversity  may  have  been  as 
great  in  the  Middle  as  in  the  Early  Cambrian.  According  to  this  view,  the 
Olenellus  fauna  of  the  Hudson-Champlain  valley  may  have  been  contempora- 
Qpous  with  both  the  Holmia  and  the  Paradoxides  fauna  of  the  region  farther 
east.  A  Holmia  has  been  found  in  Pennsylvania,  but  a  partial  barrier  between 
Newfoundland  and  the  Hudson-Champlain  valley,  is  supposed  to  have  prevented 
free  mingUng  of  the  contemporaneous  Holmia  and  Olenellus  faunas.  It  must 
be  further  supposed  that  the  causes  which  brought  about  a  change  from  the 
Early  to  the  Middle  Cambrian  faunas,  both  to  the  east  and  to  the  west,  did  not 
produce  like  results  in  the  Champlain  valley,  since  the  Lower  Cambrian  (Olenellus) 
fauna  lived  on.  None  of  these  assumptions  are  in  \'iolation  of  principles  which 
are  beUeved  to  have  been  in  operation  throughout  geological  histor}'. 

The  alternative  interpretation  is  that  the  Holmia  fauna  is  really  older  than 
the  Olenellus  proper,  and  that  the  Olenellus  of  the  west  and  of  the  Hudson- 
Champlain  valley  may  have  been  contemporaneous  with  the  Paradoxides  of 
the  east.  According  to  this  interpretation,  the  Paradoxides  fauna  of  Newfound- 
land may  have  been  contemporaneous,  at  least  in  part,  with  the  Olenellus  fauna 
of  New  York  and  with  the  Olenellus  and  Middle  Cambrian  faunas  of  the  west. 
Like  the  last,  this  interpretation  does  not  violate  knovMi  principles  of  life  develop- 
ment, for  two  distinct  faunas  in  one  region  may  have  been  contemporaneous 
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with  one  fauna  elsewhere,  where  the  causes  of  biological  change  wi 
less.     Between  these  interpretations,  the  former  now  seems  the  mor 

Sedimentation  in  the  Cambrinn  Period. 

Sedimentation  in  the  Cambrian  period  appears  to  have 
the  general  laws  that  govern  deposition  in  periods  of  coi 
freedom  from  great  deforming  movements,  and  hence  of  p 
base-leveling.  While  at  all  stages  there  was  doubtless  some 
lation  of  sediment  on  land-areas  and  in  land-waters,  the  ( 
mentation  was  in  the  sea,  and  the  area  of  sedimentation  may  b 
as  corresponding  approximately  to  the  area  of  the  sea.  Ii 
the  rate  of  sedimentation  was  probably  faster  in  the  early 
the  period  when  the  land-area  was  largest  and  probably  hij 
slower  in  the  later  stages  after  the  land  surface  had  been  Ic 
erosion,  and  narrowed  by  the  encroachment  of  the  sea.  Geogi 
the  rate  was  probably  more  rapid  near  the  land,  and  less  rap 
from  the  shores  in  deeper  water,  in  accordance  with  general 
possible  exceptions  to  this  are  to  be  recognized  at  those  sta 
very  extensive  and  shallow  epicontinental  seas  had  been  < 
by  gradational  processes,  continental  spreading,  etc.,  for  in 
deposition  far  from  shore  perhaps  kept  close  pace  with  that  n 
and  mav  even  in  some  cases  have  exceeded  it. 

Sources  and  kinds  of  sediments. — As  in  other  geologic 
the  land-derived  sediments  came  from  the  various  format 
exposed  to  erosion,  the  larger  part  from  those  which  were  u 
the  most  rapid  degradation.  The  sediments  gathered  aJonj 
mediate  borders  of  the  land  were  generally  different  from  th 
deposited  farther  out  at  sea,  but  this  difference  was  less  n 
broad  shallow  epicontinental  seas  were  developed,  for  in 
the  conditions  were  more  nearly  equal  over  wide  areas.  Thi 
in  the  abysmal  depths  of  the  ocean  were  of  course  notably 
from  those  of  the  terrigenous  belt,  but  none  of  the  former  are 
be  now  exposed.  Even  along  shore  there  were  considerable  \ 
both  because  of  variations  in  the  character  of  the  formatic 
rise  to  the  sediments,  and  because  of  the  differences  in  wa 
and  current  action. 

The  Cambrian  formations  include  all  common  phases  of  sec 
rocks.    There  are  conglomerates,   presumably  accmnulated 
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shores  of  the  time;  there  are  sandstones,  the  sand  of  which  was  de- 
posited in  shallow  water  where  the  waves  were  sufficiently  vigorous 
to  keep  the  mud  from  settling;  shales  representing  the  deposits  made 
in  stiller  or  deeper  water;  and  beds  of  limestone  representing,  for  the 
most  part,  the  accumulations  of  shells,  etc.,  in  regions  to  which  ter- 
rigenous sediments  were  not  carried  in  quantity.  On  the  whole,  the 
proportion  of  limestone  is  greater  in  the  upper  part  of  the  system  than 
m  the  lower,  and  toward  the  south  and  southeast,  rather  than  in  other 
regions. 

Geographic  variations  in  the  sediments. — The  distribution  of  these 
various  sorts  of  sedimentary  rocks,  shows  that  various  kinds  of  detrital 
beds  were  accimiulating  in  different  places  at  the  same  time,  and  at 
the  same  place  at  different  times.  Thus  in  the  vicinity  of  Quebec, 
the  Cambrian  system  is  represented  by  5000  to  6000  feet  of  shale. 
Between  the  Adirondack  and  the  Green  moimtains  there  are  3000  to 
5000  feet  of  shale  overlying  1000  feet  of  limestone,  and  some  of  the 
fimestone  appears  to  be  the  time-equivalent  of  some  of  the  shale  of 
Quebec.  In  Washington  County,  N.  Y.,  the  Cambrian  strata  are 
10,000  or  12,000  feet  thick,  the  upper  and  greater  portion  being  of 
date  (formerly  shale)  and  sandstone,  while  the  lower  and  thinner  part 
(1400  feet)  is  limestone.  Farther  south,  the  system  is  composed  chiefly 
of  shale  (or  slate)  and  sandstone  (or  quartzite).  In  Tennessee  and 
North  Carolina  there  are  great  thicknesses  of  quartzite  overlain  by 
diales.  In  Georgia  and  Alabama,  the  thickness  of  the  system  is 
something  like  10,(KK)  feet,  the  strata  being  made  up  of  shale  and 
sandstone  with  some  limestone. 

In  the  southern  part  of  the  Appalachian  region,  the  general  order 
of  deposition  was  sandstone,  followed  by  shale,  and  that  by  a  small 
amount  of  limestone.  In  Mrginia,  where  the  system  is  3400  feet  thick, 
it  is  chiefly  made  up  of  shale,  which  runs  down  well  toward  its  base. 
North  of  Virginia,  as  far  as  New  York  and  Vermont,  there  seems  to 
ha\-e  been  a  great  variety  of  sediment,  including  many  beds  of  limestone 
near  the  base  of  the  sj^tem.  Since  throughout  most  of  the  Appalachian 
belt,  all  di\nsions  of  the  Cambrian  are  represented,  it  is  evident  from 
the  above  statements  that  while  limestone  was  forming  in  one  region, 
sandstone  and  shale  were  forming  in  others,  and  vice  versa.  If  the 
sequence  of  beds  in  the  Appalachian  region  be  compared  with  that  in 
other  r^ons,  they  are  found  to  vary  widely.     Thus  the  Upper  Cambrian 
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of  the  interior  is  mainly  sail^litone,  while  that  of  the  soui 
lachians  is  shale  and  lijoaaBtone.    Similar  variations  are 
everywhere.    They  are  indeed  so  prevalent  that  there  is 
reason  for  assuming  that  the  Upper  Cambrian  of  one  regi 
sented  by  sandstone,  because  that  is  the  formation  of  the  cc 
time  elsewhere. 

Not  only  were  beds  of  sediment  of  different  sorts 
at  the  same  time  in  different  places,  but  they  were  accumu 
different  rates,  as  suggested  by  the  sections  in  Fig.  96. 
borne  in  mind  persistently  in  the  study  of  all  stratified 
that  equal  thicknesses  of  rock  do  not  necessarily  accumu] 
periods  dt  time.  The  full  section  of  the  Middle  Cambrian 
that  was  deposited  during  the  whole  of  the  Middle  Cam' 
seems  to  be  present  at  many  points,  yet  the  thickness  o 
Cambrian  strata  is  far  from  uniform. 

The  Lower  and  Middle  Cambrian  sediments  of  the 
belt  appear  to  have  been  deposited  in  a  narrow  interior  sei 
which  lay  between  the  pre-Cambrian  rocks  just  east  of 
mountains  and  the  great  interior  land  area  to  the  west  (F 
beds  accumulated  in  this  narrow  interior  sea  are  such  a 
that  the  water  was  shallow,  in  spite  of  the  fact  that  the 
estimated  to  have  a  thickness  of  several  thousand  feet.    *! 
contradiction  may  be  the  result  of  an  exaggerated  estimate 
or,  if  the  estimated  thicknesses  are  correct,  it  may  be 
supposing  that,  as  the  sediments  were  laid  down  in  the  s 
the  bed  on  which  they  gathered  sank  about  as  rapidly  as 
lated,  so  that  the  whole  series,  from  bottom  to  top,  was 
shallow  water;   or  the  beds  may  have  been  built  out  fr 
in  sloping  attitudes,  their  upper  parts  being  always  in  s 
In  the  later  part  of  the  Cambrian  period,  the  narrow  Ap 
of  the  earlier  epochs  had  become  a  part  of  the  wider 
which   covered   much   of   North   America,   but  the   wa 
shallow. 

The  Cambrian  formations  along  the  North  Atlanti 
England  and  north)  are  such  as  to  indicate  that  the  sedii 
lated  near  shore  and  in  shallow  water,  that  during  th'eir 
there  were  frequent  oscillations  of  level,  but  that^  on  1 
sea  gradually  gained  on  the  land.    The  distribution  of  1 
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in  this  region  indicates  that  the  deposits  were  made,  in  many  cases,  in 
narrow  arms  of  the  sea,  surrounded,  or  nearly  surrounded,  by  high 
lands  composed  of  older  formations.  Limestone  is,  however,  not 
altogether  wanting  (Fig.  98).  The  fossils  of  this  region  indicate  that 
a  land  barrier  existed  to  the  east,  in  the  region  which  is  now  covered 
with  water,  shutting  off  the  region  where  the  known  strata  accumulated 
from  free  connection  with  the  open  sea  in  this  direction.  They  are 
also  thought  to  indicate  that  the  waters  in  which  the  sediments  of  this 


region  accumulated  were  not  in  free  communication  with  those  in  which 
the  sediments  of  the  Appalachian  region  were  laid  down. 

The  fact  that  in  the  northern  interior  of  the  United  States  the 
Upper  Cambrian  formation  is  generally  of  sandstone,  and  that  fhis 
sandstone  is  wide-spread,  indicates  that  the  water  was  so  shallow  during 
its  deposition  that  the  waves  were  competent  to  transport  sand  for 
long  distances.  Furthermore,  the  structure  of  the  strata,  with  their 
cross-bedding  (Fig.  99)  and  ripple  marks,  shows  that  the  whole  series, 
so  far  as  seen,  was  deposited  in  shallow  water,  and  therefore  on  a  base 
which  was  gradually  submerged  as  the  sediments  were  accumulated. 
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In  other  words,  the  structure  of  the  fonaation  coniimis  the  i 
drawn  from  the  distribution  of  the  Upper  Cambrian,  th 
deposited  in  an  advancing  sea. 

The  greater  portion  of  limestone,  chiefly  dolomite,  in  t 
Cambrian  series  of  the  southern  and  southeastern  interior, 
clearer  seas,  but  not  necessarily  to  deep  ones.  The  adjat 
were  perhaps  too  low  to  yield  abundant  sediment.     It  has 


Pig,  99. — Cross-bedded  Potsdam  sandstone,  Dells  of  the  Wi 


jecturcd,  but  not  proved,  that  the  limestone  of  the  interior  m 
precipitated  from  solution.^  Limestone  is  also  an  importai 
the  Upper  Cambrian  of  the  Rocky  Mountains,^  though  cla 
predominate  farther  west.  AMiere  the  Upper  Cambrian  is 
it  is  not  usually  sharply  differentiated  from  the  overlying  0 
Tliis  is  the  case  in  the  southern  Appalacluans,^  as  well  as 
Territory,  Missouri,*  and  Nevada.* 

Variation  in  a  given  locality. — The  variations  in  the 
of  sedimentation  in  tlic  sjime  region  are  well  illustrated  by  tht 

'  I'lricli  and  Schnchert,  loc.  eit.,  p.  637. 

>])awson,  Jiull.   Geol.  Woe.   Am.,  Vol,   XII,  pp.   G4-8. 

•Folios  U.  S.  GpoI.  Snr\-.;    also  Prosser,  Jour.  Geol.,  Vol.  VIII, 

*Kej-es,  Am.  Geol.,  Vol.  XXIX,  pp.  384-:, 

'King,  Geological  Exploration  of  the  Fortieth  Parallel,  Vol.  I. 
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of  beds  in  the  Upper  Cambrian  of  Wisconsin.  In  this  state  the  for- 
mation had  an  original  thickness  of  a  thousand  feet  or  so  (less  than  this 
at  its  original  margin),  though  within  the  area  where  it  is  now  exposed 
it:^  thickness  is  usually  less.  It  is  made  up  chiefly  of  sandstone,  is 
indeed  generally  known  as  the  Potsdam  sandstone;  but  it  is  much  less 
uniform  from  bottom  to  top  than  this  name  might  suggest.  The 
following  section  ^  represents  the  general  sequence  of  beds  in  the  south- 
central  part  of  the  State: 

Feet. 

6.  Sandstone  (Madison) 35 

5*  limestone,  shale,  and  sandstone  (Mendota) 60 

4.  Sandstone,  calcareous 155 

3.  Bluish  shale,  calcareous 80 

2.  Sandstone,  slightly  calcareous 160 

1.  Very  coarse  sandstone,  non-calcareous 280 

Tlie  second  division  of  the  series  from  the  bottom  suggests  either 
that  OQiiditk>ns  were  such  that  shell-bearing  life  was  rather  more  abun- 
dant than  at  first,  or  that  the  waters  were  more  highly  charged  with 
lime  earbonate.  The  third  division,  the  bluish  shale,  shows  that  the 
sediments  accumulating  where  this  section  occurs  were  finer  than  those 
wfaidi  preceded  or  followed.  This  might  mean  either  that  the  water 
was  here  temporarily  deeper,  or  that  the  land  from  which  the  sedi- 
ments were  being  derived  was  lower,  so  that  finer  sediment  only  was 
supplied.  The  foiurth  division  represents  a  return  to  the  conditions 
favorable  for  the  accumulation  of  sand,  while  the  fifth  indicates  that 
con<litions  had  so  changed  that  accumulations  of  sand  alternated 
with  those  of  mud  and  limestone.  Toward  the  clase  of  the  period, 
thf^re  was  a  retimi  to  conditions  favorable  for  the  deposition  of  sand. 
Even  this  does  not  represent  the  full  measure  of  the  variations,  for 
within  each  of  the  several  subdivisions  mentioned  there  are  minor 
variations.  These  are  often  brought  into  prominence  when  the  rock 
weathers  (Fig.  100).  Similar  variations  are  ropoatod  in  many  places 
for  comparable  thicknesses  of  rock,  and  each  change  in  sedimentation 
probably  indicates  a  change  in  the  geography  of  the  period. 

*  Geolog>'  of  Wisconsin,  Vol.  I,  p.  259. 


Igneous  Rocks. 
At  a  few  points  igneouB  rockB  are  known  to  be  associat 
Btratified  rocks  of  the  Cambrian  syBtem.  This  is  true  in  so: 
Newfoundland  and  Massachuaetta.  Igneous  rock  is  also 
with  some  of  the  rocks  thought  to  be  Cambrian,  lying  west  o 
era  continuation  of  the  Green  mountains.  Considerable 
of  igneous  rock  occur  west  of  the  Gold  ranges  in  British 


Fia.  100. — Figure  showing  ii 

sandston 

It  is  not  always  possible  to  tell  whether  igneous  rocks  ass 
the  Cambrian  strata  were  erupted  in  the  Cambrian  perio( 
later  time. 

Dinlribution,  Thickness,  and  Outcrops  of  the  Cambrian 

The  Cambrian  formations  were  once  as  \vide-spread  as  t 
seiw  themselves,  but  it  tloes  not  follow  that  they  now  exist 
areas  they  once  covered.  Where  exposed,  the  Cambrian 
Buffered  erosion,  and  the  border  of  the  system,  as  it  now  a] 

'  Dawson,  Cul,  Geol,  Soc.  Am.,  Vol  XII,  p.  8*. 
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the  areas  of  pre-Cambrian  rock,  is  not  its  ori^al  border,  and  does  not 

represent  the  shore-line  of  the  Cambrian  sea  when  its  waters  were 

I     moet  wide-epread.     F^.  101  represents  the  conditions  which  often 


Fib.  101. — Dutgnun  UlustrEkting  the  relation  of  Cambrian  formations,  €,  to  older  rocks. 
The  diacmn  Bugftceta  that  the  Cambrian  formations  have  been  eroded  back  from 
the  cripnal  nwisiiia;  thus  A  once  extended  to  A',  B  to  B',  C  to  C. 

exist.    Each  of  the  Cambrian  formations,  represented  hy  A,  B,  and  C, 
formeriy  extended  farther  to  the  left. 

The  areas  where  the  Cambrian  formations  are  exposed  are  not  to 
he  ccufounded  with  the  areas  where  they  actually  exist.  In  Fig.  95 
hoth  these  daases  of  areas  within  the  area  of  North  America  are  repre- 
watefL  Ihe  Cambrian  formations  are  exposed,  for  example,  in  Wis- 
tonan,  in  Missouri,  and  in  Texas;  but  the  strata  of  Texas  are  doubtless 
continuous  beneath  younger  formations  with  those  exposed  in  Missouri, 
and  tboee  of  Missouri  with  those  in  Wisconsin,  and  these  in  turn  ^vith 
those  <rf  the  Black  Hills  on  the  west,  and  with  those  of  New  York  on 
the  east.    The  diagrammatic  section  shon-n  in  Fig.  102  suggests  the 


Fk.  102. — IKaipwn  illustrating  the  general  relations  of  Camhnan  U.d>  in  the  interior. 
The  Qunbrian,  C,  is  represented  as  appeanng  at  the  extremes  of  the  diagram, 
■nd  as  dipping  below  younger  beds  between 

relations  which  are  believed  to  exist  B\  fir  the  larger  part  of  the 
furface  on  which  Cambrian  formations  were  deposited  wab  afterwards 
«)\-ered  by  yoimger  formations.  In  so  far  as  these  o\  erh  mg  formations 
ha^-e  not  been  removed,  the  Cambrian  formations  are  still  buried. 
This  is  doubtless  true  to  a  greater  extent  for  the  ocean  bottom  than 
fw  the  continents. 

Position  of  outcrops. — The  study  of  the  maps  {Figs.  90  and  95) 
showing  the  areas  where  the  formations  of  the  Cambrian  system  arc 
DOW  exposed  reveals  several  points  of  significance.  In  the  first  place, 
the  outcrops  of  the  formation  occur  for  the  most  part  in  association  with 
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the  Archean  and  Proterozoic  systems  (compare  Figs.  38  an 
some  places,  the  exposed  Cambrian  borders  the  exposed  pai 
older  systems  on  one  side  only,  while  in  others  it  completely 
them.  Thus  in  the  Black  Hills  of  South  Dakota,  and  in  tl 
mountains  of  Wyoming  and  Montana  (Fig.  94),  the  Cambr 
tions,  as  now  exposed,  completely  encircle  areas  of  pre-Cam 
In  New  York,  Wisconsin,  Texas,  and  British  Columbia  the 
beds  neariy  encircle  areas  of  older  rocks,  while  in  various  ot 
the  Cambrian  appears  in  linear  belts  along  the  sides  of  areas 
rock  is  of  greater  age.  This  distribution  is  not  peculiar  to  the 
but  is  characteristic  of  most  formations  as  compared  wit 
greater  age. 

The  areas  of  Cambrian  rock  in  the  Appalachian  moimta 
contrast  with  the  foregoing.  Here  the  exposed  Cambrian 
are  not  confined  to  the  immediate  borders  of  pre-Cambrian 
occur  in  parallel  or  sub-parallel  belts  (Fig.  95).  This  is  the  r 
the  folding  to  which  the  Cambrian  and  later  strata  of  this  i 
been  subject,  and  (2)  the  erosion  which  the  folds  have  sufiferec 
will  help  to  explain  the  repetition  of  outcrops.  In  this  ( 
represents  pre-Cambrian  strata,  "€/  represents  the  Cambrii 
Sj  D,  and  C  the  Ordovician,  Siliu'ian,  Devonian,  and  Ca 
systems,  respectively.  After  strata  are  folded,  erosion  ma; 
do^vn  to  any  extent.  The  truncation  of  a  fold  below  the  1 
Cambrian  leads  to  the  exposure  of  two  belts  of  that  syst< 
either  side  of  a  pre-Cambrian  axis,  as  represented  in  the  lefi 
of  the  figure.  If  the  truncation  was  at  a  level  below  the  top. 
the  bottom  of  the  Cambrian  (right-hand  side  of  Fig.  103),  tl 
that  system  are  exposed  in  a  single  belt  along  the  crest  of  tl 
parallel  folds  of  unequal  height  occur,  their  truncation  mig 
to  two  belts  of  surface  Cambrian  in  some  cases,  and  in  others 
as  illustrated  by  the  figure. 

*  For  details  concerning  the  Cambrian  system  of  the  Appalachians 
lowing  folios  of  the  U.  S.  Geol.  Surv.:  Gadsden,  Ala.  (Hayes);  Ringgo 
(Hayes);  Estilleville,  Ky.-Va.-Tenn.  (Campbell);  Briceville,  Tenn.  (1 
tanooga,  Tenn.  (Hayes);  Cleveland,  Tenn.  (Hayes);  Kingston,  Tenn.  (I 
rille,  Tenn.-N.  C.  (Keith);  Maynardville,  Tenn.  (Keith);  Momstown,  1 
Pikeville,  Tenn.  (Hayes);  Bristol,  Va. -Tenn.  (Campbell);  Harper's  Fe 
W.  Va.  (Keith);  Monterey,  Va.-W.  Va.  (Darton);  Pocahontas,  Va.-W.  Vj 
Staunton  and  Tazewell,  Va.-W.  Va.  (Campbell). 
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In  some  other  places,  Cambrian  outcrops  are  surrounded  by  older 
fmnatioDs.    This  is  the  case,  for  example,  in  some  places  in  the  prov- 


Tk.  103  — IMagmm  showing  the  poeitionB  of  outrrops  as  determined  by  folds.  The 
Uitidine  at  the  right  is  represented  as  having  been  truncated  in  mich  a  way  as  to 
expow  the  Cambnan,  €,  ux  a  single  l>elt.  The  antichne  to  the  left  has  been  cut 
»oaa  to  expose  pre-Cambiian  formations,  ,4, beDeath.  and  the  Cambrian, ^.outcrops 
in  two  belts,  one  on  either  side  of  the  older  foimation. 

inres  of  Mackenzie  and  Athahasca  in  Canada.'  In  such  cases  the 
Cambnan  outcrops  presumably  represent  remnants  which  have  escaped 
m»on.  Theoretically,  they  might  occupy  depressions  in  the  surface 
of  pre-Cambrian  formations,  or  they  might  constitute  hills  (Fig.  104). 


by  older  kinnations.     The  diagram  illustrates  twu  ways  in  wliich  sucli  isolated 
areas  may  occur. 

Again,  more  or  less  circular  areas  of  exposed  Cambrian  are  locally 
surrounded  by  the  outcrops  of  younger  formations,  as  at  some  points 


Fbat-e                "^ 

Po5tC              Pr^-C 

'.^--T-i-'^^^i -- 

s^^?^^R5^ 

west  of  Hudson  bay.     An  explanation  of  such  areas  is  suggested  by 
Tig.  105. 

■  GetJogical  map  of  tbe  Dominion  of  Canada,  Western  sheet,  edition  of  1901 


'V^th  of  outcrops. — Certain  other  principles  of  geologi 
raphy  are  illustrated  by  the  outcrops  of  the  Cambrian  sj 
most  extensive  continuous  outcrops  (Fig.  95)  are  in  Wis 
yet  in  that  State  the  Upper  Cambrian  only,  with  a  thickness 
1000  feet  (see  Fig.  96)  is  present,  while  in  the  AppalachiaJi 
where  the  Upper,  Middle,  and  Lower  Cambrian  are  all  prest 
a^regate  thickness  of  several  thousand  feet,  the  system  ap] 
surface  in  narrow  belts  only.  That  is,  the  outcrops  are  na 
east  where  the  system  is  thick,  and  wide  in  the  interior  whe: 
From  Fig.  95  it  is  also  seen  that  in  various  parts  of  Nc 
Montana,  and  British  Columbia,  where  the  system  is  mai 
thick  as  in  Wisconsin,  the  outcrops  of  the  system  are  much 

The  explanation  of  this  apparent  anomaly  is  to  be  foiui 
in  the  attitude  of  the  strata.  In  Wisconsin  they  are  nearlj 
while  in  the  mountain  regions,  both  east  and  west,  they  are 
at  high  angles.  Where  the  strata  are  vertical  or  nearly  so,  1 
their  outcrop  on  a  horizontal  surface  is  about  the  same  as  tl 
of  the  Ijeds,  as  shown  in  Fig.  103  and  the  right-hand  side 
Where  they  are  nearly  horizontal,  as  in  the  left-hand  side 


Fw.  lOR — Diagram  illusfratmg  the  influence  of  dip  on  the  width  of 
Cambnan  beds  €,  fo  the  left  lia\e  a  much  wider  outcrop  than  the  ( 
to  ihc  nglit,  tliough  tlie  ttiicknesa  la  the  same 

tlie  width  of  the  outcrop  is  much  greater.  Thus  in  the  i 
mountains,  where  the  thickness  of  the  strata  is  locally  as  n 
niilos,  their  high  inclination  reduces  their  outcrop  to  a  n 
while  the  corresponding  strata  in  Wisconsin,  less  than  100( 
but  nearly  horizontal,  have  a  much  wider  outcrop. 

It  is  not  to  bo  inferred,  however,  that  horizontal  strata 
dctcrmiiio  a  wide  outcrop.  The  width  of  the  outcrop  is  als- 
by  toiH)grnphy,  as  shown  in  Fig.  107.  Here  the  horizon 
iH-twron  B  and  C  has  alx)ut  the  same  thickness  as  C  of  F 
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A  much  narrower  outcrop.  In  general,  the  width  of  outcrop  for  a 
formation  of  given  thickness,  so  far  as  determined  by  topography, 
depends  on  the  angle  between  the  bedding-planes  and  the  surface  where 
the  formation  outcrops.  The  width  of  the  outcrop  decreases  as  this 
angle  increases. 

In  an  area  such  as  Wisconsin,  it  is  not  to  be  supposed  that  the  edge 
of  the  Cambrian,  as  it  laps  up  on  older  formations,  represents  the  most 
advanced  shore-line  of  the  Cambrian  sea.  The  sea  doubtless  extended 
farther  up  on  the  older  land,  depositing  sands  and  other  sediments  on 
its  surface;  but  in  the  long  periods  of  erosion  which  have  ensued,  the 
edge  of  the  formation  as  originally  deposited  has  been  destroyed  (Fig. 
101).  Except  in  those  cases  where  strata  are  absolutely  vertical  or 
Ixviiontal  (and  few  strata  occupy  either  of  these  positions),  the  low- 


Fk.  107. — ^Diagram  illustrating  the  effect  of  topography  on  the  width  of  the  outcrop. 

eing  of  the  surface  by  erosion  must  always  shift  the  position  of  the 
outcrop  of  any  formation,  and  almost  always  in  its  direction  of  dip. 

Thickness. — ^Reference  has  already  been  made  to  the  thickness  of 
the  Cambrian  system  in  some  parts  of  the  continent,  and  the  relative 
thickness  in  different  portions  of  the  continent  is  graphically  repre- 
sented by  the  sections  of  Fig.  96.  These  sections  show  the  thickness  to 
be  great  in  the  moimtain  regions  of  both  the  east  and  west.  In  the 
former  region,  the  system  attains  a  maximum  known  thickness  of  about 
12,000  feet  (more  than  two  miles),  and  in  the  latter  of  something  like 
40,000  feet  ^  (west  of  the  Grold  ranges  in  British  C!olumbia),  while  over  the 
interior  it  rarely  exceeds  1000  feet.  The  greater  thicknesses  were 
probably  acciunulated  near  the  shores  of  relatively  high  lands,  where 
the  siq)ply  o£  sediment  was  great. 

Infirm  Deductions  from  Thickness, 

The  literature  of  geology  is  by  no  means  free  from  infirm  deductions 
based  on  the  reputed  thicknesses  of  sediments.  For  example,  when 
40,000  feet  of  beds  are  assigned  to  the  Cambrian  section  west  of  the 

>  Dawson,  Bull  GeoL  Soc.  Am.,  Vol.  XII,  pp.  62  and  64-8. 
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Gold  range,  or  50,000  feet  to  the  Keweenawan,  and  when  thesi 
show  signs  of  deposition  in  comparatively  shallow  water,  it  is  c 
inferred  that  the  bottom  of  the  basin  of  deposition  sank  d^ 
deposition  to  an  amount  corresponding  approximately  to  th 
thicknesses.    Now  these  are  depths  much  greater  than  th( 
parts  of  the  oceans.    Moreover,  they  are  depths  where  high 
tures  should  be  experienced,^  and  where  the  pressure  shou 
the  elastic  limit  of  all  known  rock  (estimated  at  about  30,C 
and  all  crevices  and  pores  should  be  obliterated  and  the  rock 
pressed  into  complete  continuity,  and  highly  metamorphosed 
face  of  these  rather  startling  inferences,  two  attitudes  have  ( 
On  the  one  hand,  the  correctness  of  the  measurements  or  est 
these  great  thicknesses  has  been  questioned,  as  the  basal  pa 
thick  series  do  not  show  these  effects.    On  the  other  hand, 
the  measurements,  in  the  main,  far-reaching  theories  relative 
deformations  and  internal  dynamics  have  been  built  upon  the 
deep  depression  of  the  surface.    It  is  therefore  important 
whether  the  fundamental  assumption  involved  is  correct, 
the  thickness  of  a  series  of  beds  deposited  in  a  body  of  wate 
measure  of  the  depth  of  the  basin  receiving  the  deposits, 
amount  of  its  depression  while  receiving  them. 

One  phase  of  the  case  may  be  clearly  seen  by  consulting 
in  which  the  usual  conditions  for  the  deposition  of  sedime 
border  of  a  continent  are  represented.  When  the  sea  cover 
tinental  shelf,  deposition  takes  place  both  on  it  and  on  the  si 
abysmal  depths  of  the  ocean,  and  very  slightly  on  the  deep 
the  ocean.  When  the  sea  is  withdrawn  from  the  surface  of 
nent,  the  shore  stands  near  the  upper  edge  of  the  abysmal  sl( 
this  has  recently  been  the  case  is  shown  by  river-channels  t' 
across  the  upper  surface  of  the  present  continental  shelf,  and 
termini  on  the  upper  border  of  the  abysmal  slope.  The  main 
is  then  on  the  slope,  while  slight  deposition  continued  on  tl 
bottom.  As  deposition  on  these  abysmal  slopes  has  gone  o 
out  the  whole  liistory  of  the  ocean  basins,  very  extensive  sei 
have  been  laid  down.    Because  of  the  different  attitude  of 

^  See  Dana's  Manual,  pp.  451  and  469. 

'  Van  Hise  and  Hoskins,  16th  Ann.  Rept.  U.  S.  Geol.  Surv.,  also  this 
pp.  218,  219. 
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the  slope,  the  deposits  have  doubtless  varied  much  in  character.  They 
were  doubtless  laid  down  fastest,  and  were  coarsest,  when  the  shore 
stood  on  the  slope,  as  it  has  recently  done,  and  as  it  probably  has  usually 
done  after  periods  of  body  deformation  when  the  seas  were  withdrawn 
DXH^  fully  than  usual  within  the  oceanic  basins,  and  when  the  conti- 
nents were  hence  more  protuberant  and  gradation  more  active.  On 
the  other  hand,  when  the  thin  edge  of  the  sea  lapped  over  the  border 
of  the  continent,  the  deposition  on  the  abysmal  slope  was  doubtless 
slower  and  the  deposits  were  composed  of  finer  material,  forming  shale 
or  limestone.  These  details  are  merely  to  emphasize  the  persistent 
nature  of  the  deposition  on  the  abysmal  slopes,  and  its  varied  character. 
The  upper  portion  of  the  deposit  on  the  abysmal  slopes  took  place 
Donnally  in  rather  shallow  water,  and  from  its  exposed  position  this 
upper  portion  must  always  have  been  especially  subject  to  the  action 
of  ocean  currents  and  tidal  waves  which  tended  to  give  it  the  character- 
istics of  agitated  water-deposits,  which  we  usually  interpret  as  shallow 
water  deposits. 

The  abysmal  slope  usually  dips  from  2®  to  5°  and  hence  these  are 
about  the  deposition  angles  of  the  beds  laid  down  on  it.    Now  when 


Fk.  108.— ^-Diagram  of  a  series  of  beds  formed  on  the  abysmal  slope  of  a  continent, 
or  in  wimilar  situations,  showing  that  the  thickness  as  usually  measured  is  not 
dependent  on  the  depth  of  the  ba*?in,  and  that  a  thick  series  does  not  necessarily 
imply  subsidence,  even  when  the  exposed  portions  of  it  show  evidences  of  shallow- 
water  deposition  at  various  horizons.  A,  border  of  the  continent,  or  rim  of  the 
basin;  B,  border  of  the  depositional  area;  C,  ocean-level;  D,  ocean-bottom  previous 
to  deposition;  S,  slope  of  abysmal  ba*«in  at  the  l>eginning  of  deposition;  EF,  sur- 
Uice  developed  by  erosion  after  emergence;  L,  beds  deposited  in  sloping  attitude; 
EFG,  triangle  by  which  the  thickness  of  the  series  is  measured;  FG^  computed 
thickness  of  beds.  When  compared  with  CD,  the  depth  of  the  basin,  a  marked 
difference  will  be  seen,  and  it  will  be  ob\ious  that  the  difference  will  vary  with 
the  lengt  h  of  EF. 

these  beds  have  become  accessible  by  deformation  and  trmicated  by 
erosion,  they  are  measured  along  the  surface,  which  may  be  represented 
by  the  line  EF,  Fig.  108.  There  are  two  common  modes  of  measurement : 
(1)  The  beds  are  measured  individually,  or  by  groups,  at  right  angles 
to  the  bedding-planes,  and  the  sum  of  the  whole  ascertained;   or  (2) 
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the  average  dip  of  the  beds  is  taken  and  the  distance  across 
cated  edges,  EF,  is  measured  and  the  thickness  of  the  whole  < 
by  trigonometry.  The  angle  at  G  being  a  right  angle,  the  angle 
the  side  EF  being  known,  the  length  of  FG  is  readily  ascerta 
this  is  the  thickness  of  the  series,  as  usually  measured  when  1 
ness  is  great.    By  comparing  the  line  GF,  representing  the 
of  the  series,  with  the  line  CD,  the  depth  of  the  ocean,  a  marked 
will  be  seen.    Moreover,  consideration  will  show  that  the 
may  vary  indefinitely,  and  that  there  is  no  necessary  relatioi 
the  two.    If  the  line  EF  be  short,  as  it  would  be  if  the  serie 
been  built  far  out,  the  thickness  FG  would  be  less  than  the  de] 
ocean,  CD]  but  if  the  line  EF  be  long,  as  it  would  be  if  deposi 
continued  sufficiently,  the  thickness  of  the  series,  FG,  woul- 
portionately  increased,  while  CD  might  remain  constant, 
words,  the  thickness  of  the  series  may  vary  from  any  fraction  o^ 
of  the  basin  to  any  multiple  of  it,  within  certain  limits  impos 
width  of  the  basin. 

Similar  considerations  reveal  a  discrepancy  between  th 
measurement  and  the  thickness  of  the  beds  deposited  subaeri 
example,  the  thickness  of  the  beds  of  a  typical  volcanic  c( 
than  the  height  of  the  cone  which  they  form,  as  will  be  seen  fron 
Lava-flows  poured  forth  on  heights,  and  congealing  as  they  g 
upon  the  slopes  below,  may  give  rise  to  series  of  great  aggrej 
ness,  without  implying  any  contemporaneous  sinkmg  or  otJ 
change.  Clastic  beds  formed  by  slope-wash  may  become  i 
between  these  lava-flows  without  implying  subsidence.  Tn 
the  horizon  of  wash  is  shifted  to  higher  and  higher  positions  in 
(not  necessarily  to  higher  altitudes),  but  the  series  of  beds  is  % 
In  the  case  of  the  Keweenawan  system,  a  congelation  or 
slope  of  5°,  extended  horizontally  a  little  over  one  hundrec 
about  half  across  the  Keweenawan  basin,  as  it  may  have  b 
compression,  would  give  the  estimated  thickness  (see  p. 
explain  the  present  attitude,  it  is  necessary  to  suppose  that 
was  compressed  laterally,  so  that  the  beds  were  upturned  and 
sheared  upon  one  another  (Fig.  110).  A  greater  upturnin 
course  be  supposed,  if  the  alternative  view  is  taken  that 
were  originally  strictly  horizontal. 

It  is  not  here  aflfirmed  that  this  is  the  explanation  of  the 
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parent  thickness  of  the  Keweenawan  series,  certainly  not  that  it  is 
the  whole  explanation,  though  it  seems  to  throw  important  light  on  it. 
The  point  hoe  made  is  merely  that  great  apparent  thickness  may 
utd  does  ariae  in  this  way,  and  that  inferences  and  doctrines  that 
overlook  this  fact  have  an  insecure  basis. 

In  the  case  of  such  sedimentary  beds  as  are  formed  on  mountain 
the  sides  of  intermontane  valleys,  or  in  other  situations  where 


Fig.  109o. 
Fkm.  109  and  t09a. — Diagrammatic  illu^ration  of  relation  of  thickness  of  beds  to 
bei^t  of  actruiDulation  in  the  case  of  volcanic  cones.     AB,  height  of  cooe;    CB, 
aggregate  tliickness  of  layers,  wliich  is  ob\ious1y  less  than  .IS. 

Uiere  is  an  iqjpreciable  deposition  angle,  the  thickness  of  the  beds  varies 
indefinitely  in  comparison  with  the  vertical  range  of  the  deposit. 

Delta  deporats  furnish  especif^ly  good  illustrations  of  the  point 
under  discusaon,  and  delta  deposits  have  probably  been  elements  in 
the  deposits  of  all  the  great  periods,  though  not  always  readily  recog- 
nizaUe  in  their  buried  condition.  If  the  Amazon  were  to  build  out  a 
delta  200  miles,  the  ocean  bottom  remaining  absolutely  immovable 
at  an  average  depth  of  four  miles  below  the  surface,  and  the  deposition 
angle  were  to  be  on  the  average  2°,  the  computed  thickness  of  the  series, 
jccOTding  to  current  methods  of  measurement,  would  be  about  seven 
nultt.  If  the  ddta  were  built  out  1000  miles,  the  computed  depth 
would  be  thirty-five  miles.  In  a  lake  100  miles  wide  and  1000  feet  deep, 
in  which  the  depodtion  angle  was  3°  on  the  average,  and  in  which  the 
filling  grew  outward  from  each  shore  fifty  miles,  meeting  in  the  center, 
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the  thickness  of  the  series  on  each  side,  measured  by  the  al 
dard  method,  would  be  13,800  feet,  no  change  at  all  in  the 
the  surface  of  the  lake  being  assumed.    If  the  Nile  should 
eastern  end  of  the  Mediterranean,  the  Danube  the  Black  sej 
Mississippi  the  Gulf  of  Mexico,  with  no  essential  change  in  th 
of  the  basins  or  the  surfaces  of  the  water-bodies,  series  of  be 
digious  thicknesses,  as  thicknesses  are  commonly  estimated, 
the  result.     The  usual  changes  in  the  sea-bottoms,  change 
upward  and  downward  phase,  might  take  place  diuing  the 
filling,  without  seriously  affecting  the  result. 


Fig.  110. — ^Diagrammatic  section  illustrating  the  assigned  change  of  a 
series  of  beds,  like  the  Keweenawan,  from  an  original  depositiona 
to  a  more  highly  inclined  attitude,  a  comparatively  simple  change, 
were  laid  down  horizontally  in  a  sinking  basin,  as  illustrated  at  tne 
obvious  that  a  greater  and  a  more  complicated  movement  would  be 
bring  the  beds  into  the  attitude  represented  in  the  lower  figure  at  th 
represents  the  present  attitude  of  the  Keweenawan  beds. 

Dwelling  on  these  aspects  of  the  case,  we  almost  reaci 
elusion  that  the  thickness  of  a  series  of  beds,  as  we  usual 
thicknesses  where  they  are  great,  is  independent  of  the  depth  of 
This,  howcvor,  is  pushing  the  case  too  far,  for  the  considen 
have  been  urged  apply  only  to  deposition  of  the  kinds  spe 
deposition  on  appreciable  slopes.  When  deposition  takes 
strict  superposition  in  horizontal  attitudes,  the  usual  infe 
correspondence  between  the  depth  of  the  basin,  or  the  sin 
bottom,  and  the  thickness  of  the  series,  holds  good.  More( 
the  beds  above  and  below  are  accessible,  or  penetrable  1 
such  as  wells,  over  large  areas,  the  vertical  depth  of  depositi 
conclusively  ascertained.  This  is  usually  the  case  with  th 
of  the  broad  shallow  epicontinental  seas.  In  them,  oblic 
tion  is  usually  a  minor  phenomenon.  But  the  deposits  of  t 
epicontinental  seas,  laid  down  on  plane  surfaces,  should  not  1: 
with  the  deposits  built  out  on  the  border  slopes  of  the  deep  b 
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Applying  these  considerations  to  the  varying  thicknesses  of  the 
Cambrian  beds,  it  is  to  be  observed  that  any  deep  portion  of  the  seas, 
not  simply  the  ocean  border,  which  was  filled  from  the  side  by  a  gradual 
building  out  on  the  slopes,  was  liable  to  develop  a  thickness  of  beds 
dl<proportional  to  the  depth  of  the  water.  At  the  same  time,  the 
superposition  of  great  sheets  of  sediments  covering  broad  epiconti- 
nental areas,  as  those  of  the  interior  in  late  Cambrian  time,  was  probably 
rcnderiH:!  possible  only  by  a  change  in  the  relation  between  the  sea- 
bottom  and  the  sea-surface.  This  change  probably  consisted  in  part 
in  a  raising  of  the  sea-surface  by  sea-filling,  and  in  part  in  the  sinking 
of  the  surface  on  which  the  sediments  were  deposited. 

The  apportionment  of  the  relative  influence  of  these  several  factors 
in  the  development  of  the  observed  thicknesses  of  rock  is  a  difficult 
matter,  requiring  a  careful  study  of  all  available  sources  of  evidence  to 
be  found  in  the  character  of  the  deposits,  in  their  relations  to  over- 
lying and  underlying  formations,  and  in  the  topography  of  the  Cam- 
brian sea-bottom,  so  far  as  it  can  be  reconstructed.  Unless  the 
interpretation  can  be  made  with  great  assurance  of  correctness,  in- 
ferences as  to  crustal  movements  based  simply  on  the  thicknesses  of 
deposits  may  well  be  entertained  with  reserve,  and  doctrines  based 
on  extreme  subsidence  inferred  from  these  thicknesses  may  well  be 
regarded  as  lacking  a  firm  basis. 

Selected  Sections. 

The  following  sections  of  the  Cambrian,  at  widely  separated  points,  give  some 
idea  of  the  range  of  the  system  both  as  to  thickness  and  kinds  of  rock,  and  there- 
fore of  the  variations  in  the  conditions  and  in  the  rate  of  sedimentation. 

Section  in  Soxjtheastern  Newfoundland.* 


ThiekneflB  in  Feet. 

CharacteristicB. 

w 

$ 

r  ••  < 

C  2 

i 

476 

1426 

720 

150 

5 

1045 

Brown  and  black  micaceous  shales,  with  gray  micaceous 
sandstones;  Bell  island,  Concepcion  bay. 

Red  and  green  sandstones  and  slates,  with  calcareous  beds  at 
the  base. 

Kelly's  Island  sandstones  and  shales,  containing  a  few 
fucoids. 

Black  slate  or  shale;   Middle  Cambrian  fossils. 

Dark-grav  limestone. 

Red,  green,  and  black  slates  or  shales;  Middle  Cambrian  fos- 
sils. 

»  Waloott  (section  after  Murray),  Bull.  81,  U.  S.  Geol.  Sur\'.,  pp.  257-5. 
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Section  in  Southeastern  Newfoundland. — CorUim 


Thickness  in  Feet. 

Characteristics. 

r               100 

Hard  thick  beds  of  gray,  and  sometimes  n 
Lower  Cambrian  fossils. 

250 

Red,  green,  and  blackish  argillaceous  slates 

50 

Conglomerate  of  Manuel's  brook,  not  recogi 

150 

Red  and  green  argillaceous  shales  or  slates. 
I  Led  and  nesh-colored  limestone;  obscure  fo 

m 

20 

30 

Red  slate. 

•2 

10 

Impure  limestone. 

J 

40 

Red  slate. 

1 

750 

Red,  green,  and  gray  sandstones,  with  oc 

conglomerate;  upper  beds  flagry. 
Green  and  reddish-brown  or  purple  slates. 

•S 

137 

3 

Impure  flesh-colored  limestone. 

10 

Green  slate. 

600 

Hard,  dark,  green-gray  thin-bedded  sande 

divisions. 

Unconformity. 

Proterozoic  and 

Archean. 

Strata  dip  at  low  angles. 


Section  in  Western  Vermont.* 


Names  of 

Thickness 

Formations. 

in  Feet. 

1 

•a 

r 

3500  to  4500 

li 

1700 

per  and 
Cambri 

50 

3500 

a 

P 

Georgian  shales . 

200 

• 

190 

Xi 

£ 

a   . 

Red      Sandrock 

O 

series 

100 

475 

^ 

200 

Base  unknown. 

35 

Characteristics. 


Cut  off  by  a  fault  above. 

Arenaceous  shales. 

Massive  gray  limestone,  with  ii 

of  hard  argillaceous  shale. 
Light-gray  quartzite. 
Argillaceous  shales;    occasion 

hard  gray  limestone;   numer 

a  linguloid  shell. 
Argillaceous,  micaceous,  and  a 

numerous  Lower  Cambrian  f< 
Gray   arenaceous   limestone  in 

layers,    passing    into    more 

light -gray   arenaceous   lime 

ous. 

Reddish-pink  dolomitic  limest 

Massive  gray  dolomitic  limesto 

Steel-gray   dolomitic   limeston 

mottled  limestone;  some  red 

Massive  bluish  gray  dolomitic 

threads  and  bunches  of  ^ell< 

limestone  that  weathers  m  n 


Strata  dip  at  high  angles. 
»Walcott,  Bull.  81,  U.  S.  Geol.  Surv.,  pp.  277-280. 
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Section  in  Massachusetts.* 


265 


Ni 


of  Fomifttioiia. 


^i  ]  Braintree  section. 
DisooQtinuity. 


^  < 


i 


VI 


North      Attleboro 

belongs      below 

I  Braintree  section) . 


^l 


Unconformity. 
Archean. 


Thickni 
in  Feet 


1000- 
500  to  1000 


2000± 


Characteristics. 


Conglomerate  of  quartzite  pebbles  and  sand- 
stone. 

Greenish-gray,  fine-grained,  siliceous  slates; 
Middle  Cambrain  fossils. 


Thin-bedded  shales  which  occasionally  pass 
into  fine-grained  greenish  and  reddish  slates; 
a  few  b«ls  of  conglomerate  varying  from 
200  to  300  feet  in  thickness;  some  b^s  con- 
tain Lower  Cambrian  fossils;  little  meta- 
morphosed. 


Strata  dip  at  high  angles. 


Section  in  Northern  New  Jersey.' 


N 


of  Formations. 


Trenton  formation. 
Unconformity. 

I     r  Upper  part  — 

f  -         Lower  Ordovician. 

i-5  <  Kittatinny  limestone. 

h 

*^     (Lower  part- 

C    [     Lower  Cambrian.) 

l-s  \  Hardiston  quartrite.. 

Unconfonnity. 
Pre-Cambrian. 


Thickness 
in  Feet. 


2700  to  3000 


Characteristics. 


Blue  or  gray,  sometimes  nearly  black  lime- 
stone, variable  in  texture,  composition, 
and  color;  arenaceous  at  base. 


0  to  185 


Sandstone,  quartzite,  locally  arkose;  inter- 
calated l)eds  of  shale "  and  dolomitic 
limestone;  Lower  Cambrian  fossils. 


Strata  gently  folded. 


The  published  sections  of  the  Cambrian  of  Texas  are  not  altogether  in  accord.* 
The  Middle  and  Upper  Cambrian  series  are  represented  by  sandstone  and  lime- 

*Ibid.,  pp.  268-73;   and  10th  Ann.  Rept.  U.  S.  Geol.  Surv.,  p.  567. 

»  Kiimmel  and  Wefler,  Bull  GeoL  Soc.  Am.,  Vol.  XII,  pp.  147-154. 

•  Waloott,  BuH  GeoL  Soc.  Am.,  VoL  X,  p.  218;  10th  Ann.  Rept.  U.  S.  Geol.  Sur\\, 
p.  552;  BulL  81,  U.  S.  Geol.  Surv.;  and  Am.  Jour.  Sci.,  Vol.  28  (1884),  pp.  431-33; 
and  Comstock,  Flxst  Ann.  Rept.,  GeoL  Surv.  of  Texas,  1889,  pp.  285-292. 
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stone.  The  Lower  Cambrian  also  is  thought  by  Comstock  ^  to  be  | 
is  possible  that  the  Lower  Cambrian  is  present  at  some  points  and  no 
The  Cambrian  is  unconformable  on  its  base,  and  according  to  Comsl 
is  also  unconformity  between  the  three  main  subdivisions  of  the  Cam! 
thickness  varies  from  point  to  point,  the  published  sections  giving  ( 
feet  or  more.    Strata  nearly  horizontal. 

In  west  central  Colorado'  (Tenmile  region)  160  to  200  feet  of  whit 
more  or  less  argillaceous  above,  represents  the  Cambrian  system, 
tion  carries  Upper  Cambrian  fossils,  and  rests  on  the  Archean  uno 
Strata  gently  folded. 

In  north-central  Utah'  (Tintic  region)  the  Cambrian  is  represeo 
Tin  tic  quart  zite,  which  has  a  thickness  of  some  7000  feet.    Since  th 
is  not  known  to  carry  fossils,  and  since  it  is  conformably  overlain 
iferous  formations,  it  may  not  all  be  Cambrian.    Strata  much  foldi 

In  the  Wasatch  Mountains  *  the  Cambrian  rests  conformably  on  t 
zoic.  The  Lower  Cambrian  is  represented  by  slate  75  to  600  feet  t 
slate  is  overlain  by  the  thick  Ute  limestone,  1000  to  2000  feet  thick, 
shaly  part  only  of  this  formation  contains  a  Middle  Cambrian  faui 
Upper  Cambrian  fauna  is  not  known.  The  larger  part  of  the  Ute  1 
Ordovician,  and  its  top  may  be  Silurian.     Strata  much  folded  and  fau 

In  the  Rocky  mountains  of  Canada  the  following  Cambrian  secti< 


Thick- 

Names  of  series. 

ness  in 
feet. 

Characteristics. 

Castle    Mountain 

8,000 

Consists  of  limestone,  dolonutes,  shales,  slates. 

scries. 

The  lower  part  carries  Lower  Cambrian  fos 

uppermost  part  fossils  which  appear  to  be 

Chiefly  argillites  with  some  sandstone,  quartzi 

Bow  River  series. 

10,000 

glomerate.     Lower   Cambrian   fossils   occui 

below  the  top. 

Summary  of  phjrsical   events   and   interpretations.  —  The 

lation  of  a  thick  series  of  beds  in  certain  regions  and  the 
of  a  relatively  thin  sheet  over  a  large  part  of  the  American 
are   matters   of   positive   determination.    The   inmiediate   a 
wliich  this  was  accomplished  is  foimd  in  the  wear  of  the  Ian 
deposit  of  the  debris  in  the  adjacent  seas.    The  remoter  agencie 


*  See  foot-note,  p.  221. 

^  Emmons,  Ten  Mile  (Colo.)  folio,  U.  S.  Geol.  Surv. 

*  Emmons,  Tower,  and  Smith,  Tintic  (Utah)  special  folio,  U.  S.  Geol. 
*King,  Expl.  of  the  40th  Parallel,  Vol.  I,  p.  156;   Walcott,  BulL  81, 

Surv.,  pp.  157-60.  and  p.  328. 

*McConnell,  Ann.  Rept.  Geol.  Surv.  of  Canada,  Vol.  II  (New  Series) 
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nfehed  the  conditions  under  which  the  erosion  and  the  deposition  took 
place  are  less  certain,  and  have  been  assigned  to  different  sources  by 
<UffeTent  investigators.    The  preponderant  tendency  has  been  to  give 
m  leading  place  to  cnistal  movement.     On  the  other  hand,  in  the  previ- 
ous discussion  a  preference  has  been  indicated  for  assigning  the  leading 
place  to  gradation,  and  for  attributing  such  deformations  as  obviously 
took  place  to  superficial  causes  that  were  largely  inherited  from  the 
Proterozoic    or    post-Proterozoic    diastrophism.     On    this    view,    the 
period  was  one  of  general  quiescence  and  almost  free  from  profoimd 
defonnation.    This  interpretation  makes  the  Cambrian  a  period  of 
progressive  base-leveling,  modified  in  some  degree  by  superficial  de- 
formations.    The  gradational  interpretation  has  the  merit  of  accom- 
modating automatically,  as  it  were,  the  erosion  that  furnished  the 
material,  to  the  planation  that  provided  the  nearly  level  expanse  on 
which  the  broad  sheet  of  the  later  Cambrian  was  spread. 

Changes  in  the  Cambrian  sediments  since  their  deposition. — Since 
their  deposition,  the  sediments  of  the  Cambrian  system  have  undergone 


Fig.  111. — ^A  section  showing  the  relations  of  the  Cambrian  at  one  point  (near  Tintic) 
in  rtah.  €?,  Cambrian;  C,  Carf>oniferous;  Jrh,  rhyoHte;  an^  andesite;  Pal, 
Pleistocene  formations.  I^ength  of  the  section,  about  6  miles.  (Emmons,  Tintic 
(I'tah^  folio,  r.  S.  Geol.  Sun.) 

more  or  less  change.  In  most  regions  the  gravels,  sands,  and  muds 
have  been  compacted  and  cemented  into  conglomerates  and  sandstones 
and  shales  respectively.     In  some  places  the  cementation  of  the  sand- 


FiG.  112. — Section  showing  relations  of  the  Cambrian  at  a  point  in  Montana.  Ai, 
Archean;  -4,  Proterozoic;  £?,  Cambrian;  C,  Carboniferous;  Z),  Devonian.  Length 
of  section,  about  20  miles.     (AVeed,  Little  Belt  (Mont.)  folio,  U.  S.  Oool.  Surv.) 

Stone  has  been  carried  so  far  as  to  convert  it  into  quartzito,  thougli 
this  1*5  not  the  rule.  Over  great  areas  in  the  interior  (Missouri,  W'is- 
coa<in.  Texas,  etc.)  the  strata  still  remain  in  horizontal  or  nearlv  hori- 
zontal  position  (Figs.  102  and  107),  while  in  other  regions  they  have 
been  tilted  and  even  folded.    Where  close  folding  has  taken  place,  the 


dynamic  action  involved  has  had  a  metamorphosing  effect  on 
Thus  in  the  mountains  of  the  eastern  part  of  the  United  1 


Fio.  113. — Section  showing  the  relation  of  the  Cambrian  in  the  Appalu 
tains.     The  strata  are  both  folded  and  faulted.    C  Cambrian;   O, 
S,  Silurian.      Len^b  of  section,  13  miles.      (Haves,  Cleveland,  Teno. 
n_i :»„  a^j  Silurian  not  eeparatea  in  original.) 


Fio.  114. — Section  showing  the  relations  of  the  Cambrian  at  another  ] 
Appalachian  region  w^re  the  faulting  has  been  extreme.  Al,  Pro 
Cambrian;  0,  Ordovician;  S,  Silurian.  Length  of  section,  abou 
(Keith,  Harper's  Ferry,  Va,-Md.-W.  Va.  folio,  U.  S.  Geol.  Surv.  Ob 
Silurian  combined  in  original.) 

ori^nal  sandstones  have  been  converted  into  quartz  schiste, 
into  slates  and  schists,  and  the  limestones  into  marble  where  tt 


Fio.  1 15. — Section  showing  the  relations  of  the  Cambrian  at  a  paint  in  1 
where  the  rocks  are  much  metamorphosed.  A,  Froteroioic;  C,  0 
Ordovician;  C,  Carboniferous;  T,  Triassic;  am,  amphibolite.  L« 
tion,  about  111  miles.     (Emeison,  Holyoke,  Mass.  folio,  U.  S.  Geol.  Eh 

movements  were  profound,  and  less  altered  where  the  ft 
simple.     Fig.  102  shows  the  general  position  of  the  Cambi 


Fia.  115a. — Section  showing  the  relations  of  Cambrian  and  other  fon 
point  in  Colorado  a  little  north  of  I..eadville.  jBgn,  ArcOean;  € 
(Sawatch  quartzite);  Cmr,  Carboniferous  (Maroon  formation};  . 
(Wyoming  lomiation);   Ip  and  qp.  igneous  rocks.     (Emmons,  U.  S, 

(■C)  over  much  of  the  interior.      Fig.   HI  shows  their  po 
relations  in  the  vicinity  of  Tintic,  Utah;  Fig,  112,  at  a  point  ii 
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Fips.  113  ami  114,  at  two  points  in  the  Appaliichian  mountains;  and 
Fig.  115,  near  Holyoke,  Mass.  These  several  sections  give  a  fairly 
u<lc-(|iuito  idea  o(  the  present  position  and  rt'lations  of  the  system.  In 
Fig?!.  102,  107,  and  112  the  structure  of  the  Cambrian  is  relatively 
Eimple  and  the  rocks  are  not  metamorphosed.  In  Fig.  103  the  beds 
are  gi'ntly  folded  an<I  erosion  has  discovered  the  Cambrian  beds  at  the 


T"I»s  of  the  anticlines.  Tlie  rocks  arc  not  nietaniorphic.  In  Fip.  113 
!;!>:■  l)eds  are  more  crumpled  at  the  riglit,  and  faulted  as  well  as  folded 
at  the  left,  and  the  rocks  are  somewhat  mrtaniorpliic.  In  !■%.  114 
•  '.»<!■  folding  and  faulting  are  represented,  and  the  mctaniorpliism  of 
';!'•  rock;;  has  proceeded  farther,  though  not  tci  extremes.  In  Fij;.  ll.'> 
lilt-  crumpling  due  to  profound  dynamic  action  is  more  ]ironounced, 
;ind  here  the  rocks  arc  highly  metamorpliic. 

Close  of  the  Cambrian. — No  physical  changes  of  great  imjiortance 
ftfia  to  have  marked  tlie  close  of  the  Cambrian  jn'riod  in  America. 
Xowhere  in  oiu"  continent,  so  far  as  now  known,  were  mountains  made 
at  llii^  time,  and  nowhere  were  great  areas  of  sea-bottom  converted 
into  land. 
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Foreign  Cambrian. 

Europe.^ — ^The  only  continent  besides  North  America  ^ 
been  sufficiently  studied  to  allow  of  definite  portrayal  of  the 
formations,  is  Europe.  In  the  area  occupied  by  this  conti 
is  evidence  that  there  was,  as  in  North  America,  a  some\« 
spread  deformation  in  pre-Cambrian  time,  which  converted  1 
into  land.  Further,  there  is  evidence  that  these  lands,  lik 
America,  were  subjected  to  protracted  erosion  before  the  de] 
the  oldest  known  Paleozoic  formations.  As  a  result,  the 
system,  where  its  base  is  seen,  generally  rests  unconformabl 
strata,  but  in  places  it  is  so  highly  metamorphic  as  not  to 
distinguished  from  them.  Occasionally,  too,  there  may  be  i 
tion  into  the  Proterozoic  formations. 

The  Cambrian  formations  of  Europe,  like  those  of  An 
mainly  clastic.  They  include  conglomerates,  sandstones,  gi 
shales  and  their  metamorphic  equivalents,  quartzites,  slat^ 
etc.  In  some  places,  thick  bodies  of  limestone,  partly  or  wh 
morphosed,  are  associated  with  the  clastic  beds.  A  conside 
portion  of  the  material  involved  in  the  clastic  formations 
and  the  strata  are  often  ripple-marked,  and  affected  by  cro 
and  by  sun-cracks.  All  these  features  point  to  the  conclus 
large  part  of  the  Cambrian  sediments  were  laid  down  in  shal 
In  some  regions  the  formations  are  notably  red,  a  fact  whicl 
thought  to  indicate  that  they  were  formed  on  land  or  in  lak« 
seas  .2 

The  European  Cambrian  is  notable  for  its  extreme  vai 
thickness.  In  Wales  (Cambria),  the  country  from  which  t 
received  its  name,  it  has  a  thickness  of  12,000  feet  or  m( 
great  thickness  is  equalled  or  exceeded  in  Brittany,  where  i 
8000  meters  in  thickness  are  referred  to  the  system.  In  wester 
the  thickness  is  3000  feet,  and  in  northern  Scotland  2000  fee 

^  The  best  summary  of  the  Cambrian  of  Europe,  in  English,  is  founc 
Text-book  of  Geology,  4th  ed. ,  Vol.  II.  This  text  gives  references  to  t\ 
Other  recent  summaries  are  given  in  DeLapparent's,  Traits  de  G^log 
Element e  der  Geologic,  and  Kayser's  Formationskunde. 

'Ramsey,  Quart.  Jour,  of  the  Geol.  Soc,  Vol.  XXVII,  1871,  p.  25C 
*  DeLapparent   (Trait6  de  Geologic,  4th  ed.,  119)   assigns  the  Camb 
region  a  thickness  of  8000  to  10,000  meters. 
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Jeandmavia,  where  Lower,  Middle,  and  Upper  Cambrian  all  are  present, 
be  aggregate  thickness  is  sometimes  no  more  than  400  feet.  In 
lestem  Russia  also  it  is  thin.  These  differences  probably  mean  that 
ediments  were  being  deposited  in  some  places  many  times  as  rapidly 
IS  in  others. 

The  commonly  accepted  subdivisions  of  the  British  Cambrian  are 
1)  the  Harleck  and  Llanberis  group  (Olenellus  zone),  (2)  the  Menevian 
;roup  (Paradoxides  zone),  and  (3)  the  Lingula  flags  (Olenus  zone). 
rhe  Tremadoc  slates  are  sometimes  classed  as  Upper  Cambrian. 

The  subdivisions  of  the  Cambrian  are  notably  unlike  in  different 
isrts  of  the  continent.  The  faimal  unlikenesses  are  such  as  to  seem 
o  divide  the  continent  into  two  natural  provinces,  a  northern  and  a 
outhem.  To  the  northern  division  belong  the  areas  of  Cambrian  rock 
ound  in  Russia,  Scandinavia,  and  north  Scotland;  to  the  southern, 
hose  foimd  in  Bohemia,^  France,  Spain,  Portugal,  Sardinia.  It  is 
^mmonly  believed  that  some  sort  of  barrier  must  have  existed  between 
hese  provinces  which  prevented  marine  life  from  passing  freely 
between  them.  It  has  also  been  suggested  that  the  differences  in 
aunas  between  the  two  regions  may  be  due,  at  least  in  part,  to  climate ;  ^ 
Nit  this  suggestion  finds  little  support  so  far  as  present  knowledge  goes 
D  other  parts  of  the  world.  The  fossils  of  the  northern  provinces  of 
ilurope  have  much  resemblance  to  those  of  the  Atlantic  border  of 
Vmerica,  suggesting  that  geographic  and  climatic  conditions  were  such 
IS  to  allow  of  the  free  migration  of  marine  life  from  northern  Europe 
o  eastern  America,  and  vice  versa. 

In  Europe  the  Middle  Cambrian  is  more  wide-spread  than  the  Lower 
IT  Upper ,3  showing  that  changes  in  the  relation  of  sea  and  land  were  in 
vnygress  during  the  Cambrian  period,  shifting  the  areas  of  erosion  and 
edimentation.  It  is  a  matter  of  interest  to  note  that  the  Cambrian 
listory  of  western  Europe  seems  to  have  some  correspondence  with 
hat  of  eastern  North  America,  while  that  of  central  and  eastern  Europe 
las  more  likeness  to  that  of  the  interior  of  our  continent. 

The  total  area  where  the  Cambrian  rocks  are  exposed  in  Europe 
3  small,  and  the  outcrops  sustain  the  same  general  relations  to  older 
omiations  as  in  North  America.    The  actual  extent  of  the  system  is 

'  Mxide  famous  by  the  claasic  studies  of  Barrande;  Syst^me  Silurien  dc  la  Boh^me. 

'  Kayser  and  Lake,  Comparative  Geologj-. 

■  Fiecfa,  Ncucs  Jahrbuch  fiir  Mineralogie.  1899,  Bd.  II,  pp.   164-176. 
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much  greater  than  the  area  where  it  is  exposed,  since  it  is 
many  regions  by  younger  formations.  The  Cambrian,  howc 
believed  to  underlie  the  younger  strata  of  eastern  Russia,  an 
of  the  continent  is  believed  to  have  been  mostly  out  of  w£ 
the  Cambrian  period. 

The  Cambrian  strata  of  Europe,  especially  of  western  i 
often  much  folded.  In  some  regions  also  (Britain  and  Brittai 
rocks  occur  at  or  near  the  base  of  the  system.  In  central  a 
Europe,  on  the  other  hand,  the  formations  are  essentially 
Beds  of  clay  which  are  still  plastic,  and  beds  of  sand  whi 
uncemented,  are  here  found  within  the  limits  of  the  system. 

No  geographic  change  of  great  importance  seems  to  ha 
the  close  of  the  Cambrian.  In  this  respect,  as  in  others,  th( 
history  of  Europe  and  North  America  are  in  general  corresp 

Other  countries. — By  means  of  their  fossils  Cambrian 
known  to  occur  in  the  northeastern  parts  of  China,^  in  the 
of  India  2  (Lower  and  Middle  Cambrian),  in  the  southeast^ 
Australia  2  and  in  Tasmania  (Lower,  Middle,  and  Upper), 
northwestern  part  (Salta)  of  Argentina*  (Upper  Cambrian) 
of  these  regions  the  formations  have  not  been  studied  in  mu< 

Glacial  formations. — In  the  vicinity  of  Varanger  fjord,  i 
Norway,  Lat.  70°  8'  N.,  there  is  a  bed  of  bowlder-bearing 
ing  on  a  smoothed  and  striated  pavement  of  the  distinc 
type,  and  embraced  within  an  irregular  clastic  formation, 
the  Gaisa  beds.^  These  beds  rest  upon  the  eroded  surface  c 
line  terrane.  No  fossils  have  been  found  in  them  and  t 
not  positively  determined.  Reusch  regards  them  as  eqi 
the  Sparagmite  formation  in  central  and  southern  Nor 
underlies  beds  containing  the  Olenellus  fauna,  and  which  i 
either  the  very  earliest  Cambrian  or  earUer.  The  Gaisa 
some  resemblance  to  the  Torridon  (Proterozoic)  of  the  E 
and  may  be  of  the  same  age.    They  are  of  the  red  sand 

»  Von  Richthofen,  China,  Vol.  III. 

2  Redlich,  Palaeontologica  Indica,  new  ser.  Vol.  I,  and  Records  G 
India,  Vols.  XXII,  XXIV,  and  XXVII. 

'  Etheridge,  Proc.  Roy.  vSoc.  Tasmania,  1882-1883;  Trans.  Roy.  S 
Vol.  XIII;    Tate,  Ibid.,  Vol  II,  XLVIII,  and  XV;  and  Johnston,  Surv. 

*  Kayser,  Zeit.  der  deutsch.  Geol.  Gesell.,  Vol.  XLIX. 

*  Reusch,  Norges  geologiske  Undereoegelse:    Det  nordlige  Norgee 
Also  Strahan,  Quar.  Jour.  Geol.  Soc,  Vol.  53,  1897,  pp.  137-146. 
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of  which  Strahan  significantly  remarks:  "They  all  belong,  in  part, 
to  the  tjrpe  prevailing  in  those  formations  which  have  been  the  first 
to  \yo  deposited  at  the  close  of  a  great  continental  epoch.'' 

Recent  exploration  in  China  ^  has  shown  the  existence,  on  the 
Yanp-tse  river,  in  latitude  30®,  of  a  thick  formation  (170  feet)  of  bowlder- 
bearing  rock  of  the  typical  glacial  kind  containing  many  striated 
bciwlilen?  of  diverse  sorts  of  rock  (Fig.  116a).  The  striae  appear  to 
be  of  the  distinctive  glacial  type  and  the  matrix  in  which  the  striated 
stonc^s  are  imbedded  is  such  as  bear  out  the  evidence  of  the  stones 
themselves.  The  formation  lies  at  the  very  base  of  the  Paleozoic  ter- 
raiie  of  the  r^ion,  and  beneath  the  series  that  carries  the  Cambrian 
trilohites.  It  is  therefore  to  be  referred  either  to  very  early  Cambrian, 
or  to  pre-Canibrian  time.  At  present,  the  most  probable  interpre- 
tation is  that  these  formations  of  Norway  and  China  belong  either  to 
the  transition  period  that  accompanied  and  followed  the  deformation 
that  closed  the  Proterozoic,  or  to  the  opening  stages  of  the  Paleozoic 
previous  to  the  undoubted  Cambrian,  with  some  preference  for  the 
latter.  \Miatever  their  precise  age,  their  profound  significance  is  obvious. 

From  Australia  2  and  South  Africa  ^  Cambrian  or  pre-Cambrian 
glacial  beds  have  been  reported  recently. 

In  the  rocks  of  undoubted  Cambrian  age  there  is  little  valid  evi- 
dence pointing  to  diversity  of  climate.  The  testimony  of  the  fossils, 
wherever  gathered,  implies  nearly  uniform  climatic  conditions  not  only 
over  our  own  continent,  but  throughout  all  the  earth  where  records  of 
the  Cambrian  period  are  found. 

Duration  of  the  Cambrian  Period. 

There  is  no  way  in  which  a  reliable  estimate  may  be  made  of  the 
duration  of  the  Cambrian  period.  It  is  safe  to  say  that  the  destruction 
and  the  removal  to  the  sea  of  such  large  volumes  of  rock  as  are  repre- 
sented by  the  sediments  of  the  Cambrian  required  a  very  long  period 
of  time;  but  since  there  is  no  standard  rate  at  which  anv  sort  of  sedi- 

'  WUlts,  Blackwelder,  and  Sargent.  The  above  note  is  based  on  an  unpublished 
oral  statement  of  the  results  obtained  during  an  extended  exploration  under  the 
auspices  of  the  Carnegie  Institution.    See  also  Year  Book  Xo.  3,  Camefde  Inst.,  p.  382. 

•  Howchin  and  David,  Kept.  Austral.  Assn.  for  the  Adv.  of  Science,  Vol.  IX,  1902. 

»  Schwan.  Jour,  of  Geol.,  Vol.  XIV,  p.  683,  1906. 
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Sit  is  known  to  accumulate,  this  long  period  cannot  be  reduced  to 
are.  It  IS  quite  certain  that  the  rates  vary  greatly.  Besides  niany 
viouB  illustrations  of  the  minor  sort,  there  is  this  very  general  and 
ipcHlant  one:  When  the  land  is  relatively  broad  and  high,  and  while 
e  depoeition  belt  around  its  borders  is  narrow,  as  is  apt  to  be  the 
ae  after  a  period  of  continental  protrusion,  the  amount  of  material 
oded  in  a  given  time  is  likely  to  be  large,  while  its  concentration  on 
e  limited  deposition  area  necessarily  gives  great  projxDrtional  thick- 
sas  and  rapidity  of  rate  to  the  accumulation.  On  the  other  hand, 
hen  the  continent  is  approaching  base-level,  and  the  land  is  low  and 
nited  by  the  encroachment  of  the  epicontinental  seas,  and  while  these 
as  are  wide  and  shallow,  and  subject  to  agitation  over  broad  tracts, 
le  amount  of  material  eroded  in  a  given  time  is  relatively  small,  while 
ve  area  over  which  it  is  spread  is  exceptionally  large,  and  hence  it  adds 
It  slightly  and  slowly  to  the  thickness  of  the  deposits.  In  Washington 
Dunty,  X.  Y.,  there  is  a  bed  of  Cambrian  limestone  1400  feet  thick 
^neath  10,000  feet  or  more  of  fragmental  rock.  It  has  been  estimated 
lat  limestone  sometimes  forms  at  some  such  rate  as  one  foot  per 
ntury.^  At  this  rate  this  limestone  alone  would  have  required 
10,000  years.  If  the  overlying  fragmental  rocks  required  an  equal 
Dgth  of  time  for  their  accumulation,  the  total  length  of  the  jx^riod 
Dili  J  bo  280,000  years.    In  some  parts  of  the  West  there  are  6000  feet 

limestone  besides  thick  bodies  of  fragmental  rock.     At  the  same  rate 

accumulation,  the  6000  feet  of  limestone  would  call  for  a  period  of 
10.000  wars,  and  if  time  be  allowed  for  the  other  formations  of  the 
me  region,  the  period  would  be  greatly  lengthened.  It  should  be  reni(»in- 
•red,  howe\'er,  that  while  one  foot  per  century  may  be  a  rate  at  which 
nestone  sometimes  accumulates,  it  does  not  follow  that  it  is  the  rate 

which  the  Cambrian  limestones  were  formed.  The  data  on  which 
:is  estimated  rate  is  based  are  believed  to  give  too  high,  rather  than  too 
w  a  rate,  and  a  less  rapid  accumulation  would  mean  a  correspondingly 
nger  period  of  time. 

Many  estimates  of  geological  time,  based  on  various  data,  have 
"en  attempted.^  These  estimates,  so  far  as  applied  to  the  Cambrian^ 
►nerally  assign  to  that  period  a  duration  of  1,000,000  to  3,000,000  years. 

should  be  distinctly  borne  in  mind,  however,  that  the  chief  value 

*  I^cConte,  Am.  Jour.  Sci.,  Vol  X,  1875,  p.  34. 

'  For  a  general  discussion  of  this  matter,  see  Williams'  Geological  Biologx*. 
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of  these  figures  is  to  give  emphasis  to  the  fact  that  the  perio 
of  great  duration. 

THE   LIFE   OF   THE   CAMBRIAN. 

Perhaps  no  single  event  in  the  history  of  the  earth  posses 
interest  than  the  first  appearance  of  life.  We  have  alreac 
that  the  real  advent  of  life  on  the  globe  has  not  been  revea 
record,  as  thus  far  known,  and  there  is  almost  no  hope  that  i 
be.  There  is  good  evidence  that  life  existed  in  the  several  gn 
of  the  Proterozoic,  and  in  some  at  least  of  those  of  the  A 
Under  the  accretion  hypothesis,  it  is  not  improbable  tha 
beginning  of  life  on  the  earth  greatly  antedated  even  the  ol( 
accessible  Archean  formations.  If  so,  it  is  quite  beyond 
the  great  problem  of  the  earliest  forms  of  life  will  ever  be 
direct  fossil  evidence.  Even  in  the  Archeozoic  and  Protc 
evidences  of  life,  while  sufficient  to  create  a  firm  convictioi 
earth  was  then  tenanted  by  living  things,  are  so  indirect  • 
that  they  give  very  little  idea  of  the  nature  of  the  life,  i 
information  as  the  imperfect  fossils  give,  carries  in  itself  evi 
it  does  not  tell  the  whole  story,  or  even  the  main  part  of 
life  imperfectly  represented  could  not  have  lived  without  o 
of  life  which  are  not  represented. 

The  first  fair  record. — In  the  Cambrian,  for  the  first  time 
fair  preservation,  in  fossil  form,  of  the  life  of  the  period, 
the  record  is  very  far  from  complete,  but  it  is  an  immeasurab 
on  the  records  of  previous  periods.  Something  of  the  in 
importance  that  would  have  attached  to  the  earliest  forms  < 
they  been  preserved,  is  therefore  transferred  to  this  first  legi 
Preliminary  to  a  review  of  this  record,  the  chief  ways  in  whi 
on  questions  of  fundamental  interest  may  receive  a  mon 
sideration. 

What  stage  of  evolution  is  represented? — Foremost  a 
questions  that  arise  is  the  stage  of  development  that  had  b( 
attained  by  life,  when  thus  first  fairly  preserved.  Was  the 
primitive,  implying  that  it  was  not  far  removed  from  th( 
forms  of  life,  or  did  it  bear  signs  of  great  previous  evolution! 

The  stage  of  evolution  attained  may  be  estimated  (1)  by 
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of  development  of  the  various  organic  structures  and  functions,  and 
(2»  by  the  amount  of  divergence  of  the  animal  types. 

(1)  For  comparison  it  may  be  assumed  that  the  primitive  forms 
irere  at  least  as  simple  as  the  simplest  existing  forms.  Among  these 
there  are  organisms  which  are  scarcely  more  than  aggregates  of  living 
protoplasm,  almost  devoid  of  any  permanent  and  recognizable  organs. 
There  are  also  multitudes  of  plants  and  animals  that  consist  of  a  single 
cell  only.  If  these  be  taken  as  representing  the  nearest  existing  approach 
to  primitive  forms,  a  comparison  between  them  and  the  complicated 
structures  shown  by  many  of  the  Cambrian  fossils,  presently  to  be 
described  and  illustrated,  will  give  some  impression  of  the  degree  of 
advance  in  organization  that  had  been  attained. 

But  we  are  not  left  entirely  to  this  mere  presumption  that  the 
earliest  forms  were  much  simpler  than  the  Cambrian,  for  the  stages 
of  development  of  the  young  of  certain  of  the  Cambrian  animals  reveals 
something  of  their  ancestral  historj-.  It  is  a  well-established  law  of 
embr>'olog\'  that  animals  in  their  pre-natal  and  youthful  development 
pass  through  a  succession  of  stages  in  which  their  structure  resembles 
that  which  their  ancestors  had  in  their  maturity;  in  other  words,  that 
the  individual  histor}'  of  each  animal  is  an  epitome  of  the  collective 
historj'  of  its  ancestors.  Now  the  trilobites  (Fig.  118),  the  leading  form 
of  Cambrian  life,  are  kno\\Ti  to  have  passed  through  a  series  of  quite 
remarkable  changes  after  they  became  well  enough  developed  to  be 
fossilized,  and  doubtless  they  passed  through  other  stages  previously. 
There  is,  therefore,  specific  ground  for  believing  that  they  had  a  long 
line  of  ancestors. 

(2)  The  studies  of  recent  decades  have  convinced  investigators  that 
the  later  forms  of  life  have  been  derived  from  earlier  ones  by  some 
process  of  evolution.  The  exact  nature  of  the  process  is  yet  under 
investigation,  but  the  fact  of  derivation  is  not  now  regarded  as  an  open 
question.  As  the  various  forms  developed  and  diverged,  many  of  the 
intermediate  gradations  Awre  dropped  out,  because  of  inferior  fitnc^ss, 
or  from  some^other  cause,  and  thas  the  diverging  forms  became  sepa- 
rated from  one  another.  As  these  divergent  branches  themi?elves 
developed  later,  they  in  turn  diverged,  and  the  intermediate  forms 
disappeared,  and  thus  a  succession  of  branches  wiis  develojx^d.  By 
such  continued  divergence  and  loss  of  intermediate  forms,  a  more 
and  more  complicated  system  of  branching  was  developed.    Not  only 
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were  the  intennediate  or  connecting  forms  dropped  out,  bui 
the  branches  themselves  disappeared,  and  the  remaining  on< 
more  and  more  widely  distinct  from  one  another.  The  pr 
not  imlike  the  evolution  of  a  tree-top,  in  which  the  dying  oi 
of  the  interior  branches  leaves  a  few  great  limbs  which  bear 
numerous  and  more  recent  branches,  while  these  in  turn  bear 
most  and  outermost  twigs  which  represent  the  living  phase 
way,  or  in  some  such  way,  it  is  thought  that  the  existing  < 
of  organisms  into  kingdoms,  branches,  classes,  orders,  familic 
species,  and  varieties  came  to  be  established. 

If  it  be  assumed  that  the  whole  system  of  living  things 
derived  from  a  common  primitive  form  or  a  few  primitive 
comparison  of  the  primitive  state  with  the  degree  to  which  d 
and  the  loss  of  the  intermediate  forms,  had  gone  in  the  Cambi 
will  give  some  impression  of  the  amount  of  evolution  alrea( 
plished.  If  to  this  be  added  a  comparison  between  the  Can 
and  the  present  life,  an  estimate  of  the  relative  amount  of 
before  and  since  the  Cambrian  period  may  be  made.  Tl: 
especially  instructive,  as  it  will  give  some  impression  of  tt 
importance  of  the  pre-Cambrian  and  the  post-Cambrian  p 
the  earth's  history,  measured  by  life  development. 

To  be  sure,  it  cannot  be  assumed  safely  that  the  rate  of 
in  early  and  in  late  times  was  precisely  the  same,  or  that  the 
of  one  branch  proceeded  at  the  same  rate  as  that  of  other 
for  there  certainly  were  marked  differences;  but  notwithstar 
a  general  and  not  altogether  incorrect  impression  of  the  re 
portance  of  the  unknown  pre-Cambrian  evolution,  and  of  t 
post-Cambrian  evolution  may  be  derived,  and  this,  notwit 
all  elements  of  uncertainty,  is  of  no  small  value. 

The  scantiness  of  plant  fossils. — On  the  most  general 
of  the  record  there  appears  at  once  an  obvious  inconsistenc 
the  animal  kingdom  is  fairly  well  represented,  while  plan 
are  barely  identifiable;  indeed,  their  presence  would  perhaps  b 
if  there  were  not  imperative  reasons  for  believing  that  they  we 
in  abundance.  As  all  animals  are  dependent  directly  or  ind 
plants  for  food,  it  must  be  supposed  that  plants  were  presen 
cient  numbers  not  only  to  support  the  animals,  but  to  furnish 
since  a  portion  inevitably  escaped  consumption  by  the  animi 
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surplus  nught  not  be  worth  noting  if  there  were  not  specific  reasons 
for  r^arcUng  it  as  large.  Not  a  few  of  the  Cambrian  animals  were 
fixed  to  the  bottom  of  the  sea,  and  hence  there  must  have  been  organic 
matter  enough  floating  in  the  \vater  to  bring  them  their  daily  food, 
and  this  implies  a  very  general  enrichment  of  the  oceanic  waters  with 
plants.  Probably  these  were  largely  minute  one-celled  plants  of  the 
algsi  type,  and  hence  they  easily  escaped  fossilization.  The  inadapta- 
bility of  the  lower  plants  to  fossilization  is  doubtless  the  chief  explanation 
of  the  poor  representation  of  the  plants  among  the  Cambrian  fossils. 

Reasons  of  a  physical  nature  have  previ- 
ously been  given  (p.  217)  for  thinking  that  the 
surface  of  the  land  was  clothed  mth  some  kind 
of  vegetation,  and  this  is  an  additional  reason 
for  assuming  a  very  general,  if  not  nearly  uni- 
versal, <listribution  of  plants  over  the  surface 
(rf  the  globe.  But  there  are  no  identifiable 
traces  of  land-plants,  and  but  very  obscure  im- 
{NTPSsions  of  sea-plants.  There  are  some  ill-de- 
fined stem-like  or  frond-like  impressions,  com- 
monly styled  "fucoidal,"  that  may  be,  in  part 
at    least,   the   casts   of  sea-weeds.     A  (:)ecu!iar 

form  consisting  of  clusters  of  ratUating  rays  y,^u7.-0ldhami^,in!iqua 
{Oldhamia,  Fig.  117)  is  found  in  abundance  in  Fori>es,  »  prohlpimttical 
Cambrian  rocks  in  Ireland,  and  has  been  referred  reSlr^T'to^'niaririp'^lpt! 
to  alex,  but  the  identification  is  not  bevond      '"»  't  "J".^'  possible-  be- 

-  ,™  >  i.  1  I      1    f   1        '<*"B  '*  tlis  zooplivles. 

question.       These    and   a  few  other  doubtful 

forms  make  up  the  whole  record  a.s  thu-s  far  revealed.     The  lesson 

taught  is  the  extreme  imperfection  of  the  fns.sil  record. 

The  Axim.\l  Fossils. 

Turning  to  the  record  of  animal  life,  it  appears  by  contrast  that 
every  great  division  of  the  animal  kingdom,  except  the  vertebrate, 
had  its  representati\'es  in  Cambrian  times.  The  Arlhropoda  were  rep- 
resented by  crustaceans;  the  Molhtsca,  by  ccphalopods,  gastropods, 
pteropods,  and  pelecypods;  the  Molhiscmdea,  by  brachiopoils  and 
brj-ozoans;  the  Vermes,  by  anneliils;  the  Eckinodcrmala,  by  cystoids; 
the  Ctelertterata,  by  graptolites,  medusa",  and  corals;   the  Porijera,  by 
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sponges,  and  the  Protozoa,  by  rhizopods.  This  is  a  fine  an 
first  appearance.  As  we  come  to  study  the  representatives 
detail,  the  breadth  of  the  divergence,  and  the  advance  in  < 
that  had  already  taken  place,  will  appear  still  more  impressive 
representatives  are  all  marine  forms.  Of  land  animals  ther 
traces;  but  this  negative  record  does  not  warrant  the  assertioi 
land  animals  lived  at  this  time.  Terrestrial  arthropods,  in  tb 
scorpions  and  insects,  appear  in  the  record  two  periods  later  ( 
and  they  were  then  rather  highly  developed,  which  renders  an 
reaching  back  as  far  as  the  Cambrian,  or  beyond,  not  im 
though  by  no  means  certain. 

No  traces  of  vertebrates  have  yet  been  detected  in  the  ( 
beds,  but  as  fish  remains  have  been  found  in  the  rocks  of  the 
period  (Ordovician),  it  would  be  hazardous  to  assume  that  ' 
aquatic  vertebrates  were  not  among  the  denizens  of  the  ( 
waters.  There  is  no  reason,  however,  to  think  that  any  of  the  t 
vertebrates  were  present. 

The  Cambrian  Arthropoda.^ — Of  the  four  divisions  of  tb 
poda,  insects,  spiders,  myriapods,  and  crustaceans,  only  the 
been  found  in  the  Cambrian  strata.  Its  representatives  were 
and  entomostraceans. 

*  The  State  and  Government  Reports  are  the  chief  media  for  the  dei 
fossils.  Many  descriptions  are  also  found  in  scientific  journals,  and  in  tl 
ings  of  scientific  societies,  and,  more  rarely,  in  private  memoirs.  The  lite 
that  on  stratigraphy,  is  very  voluminous,  and  cannot  be  fully  cited  in 
this  kind.  A  convenient  key  to  most  of  the  recent  literature  is  foimd 
Bibliography  and  Index  of  North  American  Geology,  Paleontology',  Pet 
Mineralogy  for  1892-1903,  Bulls.  188,  189,  203,  and  221,  U.  S.  Geol.  Surv.^ 
probably  be  carried  to  later  dates.  References  to  eariier  descriptions  wi 
in  Bull.  127,  U.  S.  Geol.  Surv. 

Some  of  the  leading  writers  on  American  Cambrian  fossils  are:  James  ! 
N.  Y.,  Vol.  I,  1847,  and  Ann.  Repts.  N.  Y.,  1847-1863— notably  the  16 
ings,  Paleozoic  Fossils,  Geol.  Surv.  of  Canada,  1874;  J.  W.  Salter,  Quar. 
Soc,  1859;  S.  W.  Ford,  Am.  Jour.  Sci.,  1871-1881;  R.  P.  Whitfield,  N. 
Surv.  of  40th  Parallel,  and  Wis.  Repts.,  1873-1879;  C.  Rominger,  Proc. 
Sci.,  1887;  J.  F.  WTiiteaves,  Am.  Jour.  Sci.,  1878,  and  Canadian  Rec.  Sci., 
Foerste,  Bull.  Mus.  Comp.  Zool.,  Cambridge,  1888,  and  Am.  Jour.  Sci., 
Matthew,  Trans.  Roy.  Soc.  Canada,  1897-1900,  Trans.  N.  Y.  Acad.  Sci.,  18( 
Nat.  Hist.  Soc.  New  Brunswick,  1893-1902,  and  Canadian  Rec.  Sci.,  1889 
notably,  a  D.  Walcott,  Bulls.  10,  30,  and  81,  U.  S.  GeoL  Surv.,  10th  Ann.  ] 
Geol.  Surv.,  Am.  Jour.  Sci.,  1887-88,  and  Proc.  U.  S.  National  Museum,  VoL 
The  identifications  of  Walcott  are  chiefly  followed  in  this  work. 
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The  trilobites  were  easily  the  moat  distinguished  of  the  known  deni* 
tnis  o(  the  Cambiian  seas.  They  were  not  only  the  highest  in  organi- 
BtioD,  but  the  most  characteristic  of  the  age.  Their  successive  genera 
liest  distinguish  the  successive  stages  of  the  period,  and  their  distri- 
bution is  a  chief  means  of  correlating  the  formations  on  different  con- 
tinents and  in  different  provinces  of  the  same  continent,  as  previously 


Fb3.  118. — Cambrian  Trilobitea.  o,  Holmia  (OJenellua)  hrOggeri  ^Valcot^,  a  charac- 
teristic trilobite  of  the  Lower  Cambrian;  6,  Crcpicephalus  Itianas  (SImmard), 
a  trilobite  of  the  Middle  Cambrian;  c,  Ptycoparia  antiqua  (Salter),  a  trilobite  of 
the  Middle  Cambrian.  The  above  trilobilcs  Iwlong  to  the  order  Opislhoporia. 
d.  Agnagtus  obfutiJobus  Matthew,  a  Middle  Cambriaii  trilobite  of  the  lowest  order, 
Ifypoparia.  showing  primitive  cliaracters,  as  the  abjience  of  e>-e3,  small  number 
of  thoracic  segments,  etc. 


eet  forth  (p.  240).  They  have  hence  a  leading  place  in  historical  and 
geological  importance.  They  belonged  to  a  race  long  since  extinct. 
A  study  of  the  accompanying  illustrations  (Fig.  118)  will  best  impress 
their  distingiushing  features,  notably  their  three  lon^tudinal  lobes, 
whence  their  name,  and  their  three  transverse  divisions,  head,  thorax, 


2§e  ^omoju^Gw. 

^uod  py^dimu,  or  eaadal  diield.  The  vaiiflliaQS  of  liieBE 
2Uq4  of  the  other  parts  of  thexr  gtroeture  furzndi  liie  h&sb 
geotera  and  speeieB  are  founded.  As  the  flesh j  parts  jokd  t2 
understruetTire  are  wanting,  the  deseripdons  and  idcaitsfi 
^poeies  and  gaoera  are  baaed  soleilj  on  these  harder  parti 
Dot  exeeptional.  The  detemmmticm  of  most  fosal  specie 
surch  imperfect  knowkdge  of  the  real  oi^ganism,  but  the  an 
of  knowledge  is  being  gradually  redueed  by  the  fmdiiTig  of  il 
jw'eserv'e  "wiiat  is  lacking  in  those  previously  found.  Ma 
valiie  of  these,  and  all  other  fosals,  in  the  ©cHrdation  of  i 
in  different  regions,  and  in  determining  the  succession  of  I 
not  superposed,  depends  on  the  sharp  discrimination  <rf  tl 
ences  of  form  and  structure,  and  a  critical  study  of  the  figure 
mended.  In  a  work  of  this  kind  it  is  impracticaUe  to  c 
the  special  description  of  fossils;  that  is  the  function  of  pal 
but  some  special  attention  may  be  given  to  these  first  forms,  l 
in  the  great  procession  of  life,  so  far  as  we  know  it. 

The  general  aspect  of  the  trilobites  at  once  discloses  an 
development.  It  seems  clear  that  they  possessed  near! 
anatomical  systems  and  phj^iological  functions  of  modem  c 
of  their  kind.  In  their  line,  they  were  much  nearer  the  pres 
th(»  seri(»s  than  the  theoretical  beginning.  Perhaps  the  ey 
b(*Ht  index  of  their  development.  These  show  that  the 
8yKt(*m  of  fixed  eyes,  composed  of  many  eyelets,  was  ah 
dev(»loix?d.  In  the  trilobites  of  this  and  succeeding  periods, 
rang(»  from  a  score  to  several  thousands.  Some  of  the  Caml 
bites  how(»ver  had  no  eyes,  never  having  acquired  them,  w 
poss(*ss(Ml  abortive  rudiments  of  eyes,  implying  that  their 
liad  p()ss(»ssed  eyes,  but  had  lost  them.  The  acquisition  an 
of  so  important  an  organ  seems  to  imply  variation  in  the  co: 
Iif(»,  but  this  may  mean  no  more  than  migration  to  deep  di 
or  th(^  habit  of  burrowing  in  the  mud,  where  eyes  became  use 
ey(\s  wen*  often  slightly  raised  on  crescentic  lobes,  with  t 
fa('(»  outwards.  In  later  epochs,  these  crescents  became 
mon^  curved,  extending  the  sweep  of  vision  fore  and  aft  to  the 
obvious  advantage,  and  hence  this  became  a  mark  of  progres 
Cambrian  fauntus,  the  segments  of  the  body  were  rather  sti 
to  one  another,  but  in  later  epochs  they  became  more  flexible 
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trilobites  rolled  themselves  up  armadillo  fashion — another  mark  of 
progress.  The  upper  surface  of  the  body  was,  even  in  Cambrian  times, 
OTnamented  variously  with  granules,  spines,  and  other  markings,  the 
sgnificance  of  which  is  little  understood.  These  ornamentations 
varied  as  time  went  on,  increasing,  in  general,  until  after  the  climax  of 
the  trilobites  had  been  passed. 

The  understructure  is  not  revealed  in  the  Cambrian  specimens, 
the  parts  having  been  lost  in  fossilization,  but  later  forms,  worked  out 
by  Walcott,  Beecher,  and  others,  show  that  the  trilobites  possessed  a 
row  of  slender  articulated  limbs  on  either  side,  and  also  delicate  filaments 
which  served  the  function  of  respiratory  organs.  The  nature  of  the 
limbs  indicates  that  the  trilobites  both  walked  and  swam.  It  is  inferred 
(hat  some  were  swift  of  movement,  while  the  weakness  of  the  ambu- 
btorj-  oi^ns  in  others  impUes  that  they  were  slow.  The  trilobites 
also  possessed  antemue  which  doubtless  served  as  organs  of  touch — 
another  indication  of  the  definite  development  of  the  senses,  even  at 
this  early  time.  It  is  interesting  to  note  that  the  habit  of  moulting 
the  shell  at  successive  stages  of  growth  had  been  acquired.  Leaving 
further  detmls  to  the  special 
study  of  the  accompanying 
figures,  it  is  to  be  observed  that, 
at  this  early  day,  there  had  been 
acquired  a  highly  complex,  wrll- 
diflerentiated  organization,  en- 
dowed! with  nearly  all  the  organs 
and  functions  possessed  by  sim- 
ibr  crustaceans  of  the  present 
<lay.  ^^^ 

Besides  these  ancestral  crus-         ^  "^^^  f    }  ^ 

taceans,  a  few  other    form.s   of  f,c    119.— Other  Cambrian  Cmstawa. 
interest     were     present,     among      Hymenocoris  i-a-mie«uda  Salt^ 
niiich  were  little  ostracodes  which 
had  valve-hke    shells    on    their      \\a\cm.  a  (ambnan  pbyUopod. 
backs  much  like  those  of  bivalve 

mollusks  (Fig.  119,  c),  an  ancient  type  of  phyllopods  represented  by 
the  idngular  form  Prolocaris  (Fig.  119,  d),  and  a  phyllocarid  (Fig.  119,  a 
and  b). 

The  Cambrian  Hollusca. — A  few  cephalopods  (chambered  shells) 
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which  axe  regarded  as  the  highest  class  of  mollusks  have  been 
the  uppermost  beds  referred  to  the  Cambrian,  but  none  as  y( 
lower  part.  As  the  cephalopods  were  even  then  highly  d 
structurally,  and  were  widely  differentiated  from  the  other  i 
there  is  little  ground  to  doubt  that  they  had  already  passed  tl 
long  period  of  development,  and  hence  that  they  were  really  p 
some  part  of  the  globe  during  the  earUer  Cambrian  times 
remains  are  so  rare  that  they  have  little  geologic  importanc 
period,  but  become  prominent  in  the  next. 

The  pelecypods  (bivalves)  were  represented  in  the  Lower  ( 
beds,  though  they  have  not  been  found  abundantly.  Whei 
implies  that  they  did  not  live  abundantly  in  the  seas  that  r 
deposits  that  are  now  accessible,  or  that  they  were  but  poorly  p 
is  not  known.    Fig.  120,  6,  represents  a  typical  form. 

Gastropods  (univalves)  (Fig.  120,  c,  d,  and  e)  were  somewh 
dant  even  in  the  earlier  Cambrian  times,  and  became  more 


( 


Fig.  120. — Cambrian   MoUusca.      a,  Hyolithes  americanus  Billings,  a  pterc 
Lower  Cambrian;    6,  Fordilla    troyensis  Barrande,    a   pelecypod    of 
Cambrian;  c,  Stenotheca  rugosa,  van   paupera  Billings,  a,  S.  rugosa  H 
gastropods   of  the   Lower  Cambrian;   e ^  Trochiu^  saratogensisW aXcott, 
gastropod  with  well-developed  spire. 

toward  the  close  of  the  period.  The  early  forms  found  are 
the  low  conical  type,  kno^vn  as  capulids,  from  their  resemblai 
form  of  cap  typified  by  the  conventional  "  liberty-cap"  (see  Fi 
in  particular).  The  more  amply  coiled  and  spiral  forms  (Fij 
though  present,  only  became  common  later.  The  close  resen 
Troches  saratogensis  (Fig.  120,  e)  and  other  forms  to  modem  g 
is  worthy  of  note  as  showing  how  near  to  the  present  de\ 
some  of  the  Cambrian  mollusks  had  attained. 

The  Cambrian  MoUuscoidea. — ^This  branch  was  well  repre 
brachiopods  (lamp-shells),  CFig.  121).  In  geological  importa: 
rank  second  only  to  the  trilobites  in  Cambrian  times.    U 
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Iriiobitea,  wMch  became  extinct  at  an  early  day,  the  brachiopods  have 
perasted  to  the  present  time,  and  stand  as  a  foremost  representative 

Fk.  121. — Cambrian  Urarhiopoda.  a,  Oboklla  gemma  BilUnga  ;  6,  Protorhyncha 
anti^inla  BilliiifEa.  brachiopods  of  the  I.on-er  Cambrian;  c  and  d,  Acrotrela  gemma 
BiUing!',  a  btachiopod  ranging  from  the  Lower  to  the  Upper  Cambrian,  sununit  and 
ride  \ipws  of  the  pedicle  or  ventral  valve;  e,  liiliingnflia  tratiaversa  Walcott, 
the  pedicle  or  ventral  valve  of  a  hinged  brachiopod  of  the  Lower  Cambrian. 

of  pxtmne  stability  and  persistence.  They  have  changed  in  species 
and.  except  in  a  few  cases,  in  genera  also,  but  the  class  has  been  only 
slightly  modified  and  still  retains,  with  great  fidelity,  its  distinctive 
characteristics. 

In  Cambrian  times,  as  now,  the  valves  of  one  division  of  the  group 
wpre  hinged,  while  those  of  another  were  not.    So,  too,  then  as  now,  one 


Fig.  122. — Cambrian  Vermes;  borings  and  trails,  o,  a  natural  surface  of  sandstone 
Men  from  above,  showing  antielid  borings,  with  mounda  of  sand  heaped  aljout 
their  mouths  ana  with  traiLt  leading  away  from  immc  of  Ihem;  h,  a  norizontal 
nection,  {ihoiring  perfect  borings,  as  well  as  abandoned  borings  whose  ^dea  have 
been  foreed  in  durinz  the  formation  of  new  borings,  gi\ing  a  creaeentic  cross- 
"eciion.  Although  the  animal  is  not  shown,  the  name  Arenicoliies  woodi  Whit- 
tifld  is       


•liviiiion  formed  shells  of  calcium  phosphate,  and  another  shells  of  cal- 
piiini  carbonate.  Comparisons  in  other  respects  show  that  the  changes 
between  the  Cambrian  and  the  present  are  but  a  small  fraction  of  the 


changes  involved  in  the  development  of  the  brachiopods  f 
theoretical  primitive  forms  in  pre-Cambrian  times.  Though  tl 
iopods  were  wonderfully  persistent  and  conservative  in  evolut 
were  undergoing  changes  from  epoch  to  epoch,  and  thus  thej 
valuable  indices  of  progress,  and  serviceable  means  of  identify 
zons  and  correlating  distinct  deposits. 

The  Cambrian  Vermes. — Sea  worms,  or  annelids,  left  indie 
their  abundant  presence  by  borings  and  tracks,  and  occasio 
mud  or  sand  heapings  at  the  mouths  of  their  holes  (Fig.  122] 
remains  of  the  animals  themselves  have  been  found. 

The  Cambrian  Echinodennata. — A  few  cystids  were  prest 
123).  They  had  roundish  or  cylindrical  bodies,  covered  un 
rically  with  plates.  Irregi 
were  attached  to  the  up) 
and  a  stem,  often  short  an 
plete,  was  appended  to  t 
end.  The  cystids  were  1 
nmners  of  the  beautiful 
(stone  lilies)  which  perha 
into  existence  during  the  ( 
times,  but  have  not  yet  bf 
in  fossil  form. 

The  Cambrian   Coeien 
The  ccelenterates  were  re] 
by  hydrozoa  fgraptolites  . 
dusffi)and  hyanthozoa  (con 
■  0  124) .    The  eccentric  and  a 

Fio.  123. — Cambrian  Ecliinixlenuata.    a,  explicable  freaks  of  fossiliz 
Eoc'mlUcs    it)    longidiKtytiis    AValcott,  a  .  t,  n      -ii     i     * 

view  of  tlie  upper  part  of  an  imperfect  nowhere  better  illustratet 
Cambrian  cvatid,  showing  tlie  irregnlar  ^\^^  Cambrian  relics  of  th 
platefl    and   broken   arms;    b,    EocijsttUa  ,  ,  , 

primtcvous    Billings,  a     single    cystidian  UraptoilteS,   although    an 

P*****  most  delicate  of  animal  fo 

medusa;,  among  the  softest  of  animals,  were  preserved,  while  mi 
robust  and  indurated  forms,  that  almost  certainly  were  prei 
scant  relics,  or  none  at  all.  The  graptolites,  an  extinct  group,  i 
slender,  plume-like  oi^anisms,  consisting  of  a  series  of  cells, 
the  individual  animal  lived,  attached  to  a  common  slender  as 
united  the  colony  and  which  often  branched  much  after  the  f^ 
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{dants.  Ite  whole  plume  appears  to  have  floated  free  in  the  sea. 
They  were  scantily  preserved  in  the  earliest  Cambrian  {Fig.  124,  e),  but 
qmte  abundantly  toward  its  close.  The  secret  of  their  preservation 
probably  lies  in  the  fact  that,  being  floating  forms,  they  most  often 
settled  in  quiet  and  rather  deep  waters  off-shore,  where  very  fine  silts 
accumulated,  and  where,  therefore,  the  conditions  were  favorable  for 
burial  without  destructive  action. 

The  most  singular  case  of  fossilization  is  the  preservation  of  traces 
of  jelly-fish,  or  at  least  of  what  are  so  identified.    These  are  illustrated 


Fig.  124. — Cambrian  Ccelenterats;  supposed  corals,  medusic,  and  graptolites.  a  and 
b,  Archaoeyalhui  reristekrrima  Ford,  a  problematic  fossil  referr^  by  some  paleon- 
tologists to  sponges,  and  by  otiiers  to  corals;  c  and  rf,  Brookaella  altemala  Wal- 
co(I,  supposed  casts  of  the  gastric  cavities  of  meilusa";  r,  a  supposed  exumbrfUa 
ID  which  the  intenimbrElla  lol>cs  are  a  prominent  feature;  d,  a  view  of  a  supposed 
umhi^lla  with  six  lobes  and  a  depression  over  the  central  stomach;  e,  Ph'jUo- 
grajdus  f?)  eambreniiia  Walcott,  the  ludrosonia  of  a  graptolite. 

in  Fig.  124,  c  and  d.  Their  impressions  are  found  in  the  lower  division 
of  the  Cambrian. 

Obscure  forms  of  corals  ivere  also  present  (Fig.  124,  a  and  h)  though 
none  of  the  higher  types  has  yet  been  discovered.  The  form.s  found 
resemble  sponges  so  much  that  they  were  long  regarded  as  such,  but 
recent  microscopical  examination  by  Hindc  seems  to  show  that  they  had 
a  coralline  nature. 

True  sponges  were  present  in  some  abundance  and  ranged  throughout 
the  period-  Their  spicules  have  been  sometimes  found  where  the 
general  form  and  the  fibrous  parts  lia^e  perished. 

The  Cambrian  Protozoa. — It  is  probable  that  many  of  the  low 
simple  forms  classed  as  protozoans  were  present,  but  owing  to  their 
unsuitability  to  preservation  as  fossils,  only  a  few  identifiable  forms 
have  been  found.* 

'  Several  are  described  by  G.  F.  Matthew  in  "The  Protelenus  Fauna,"  Trans.  N.  Y. 
Acad.  ScL.  Vol  XIV,  1895,  pp.  101-153. 
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Unidentified  forms. — Besides  the  forms  that  can  be 
there  are  some  which  cannot  be  interpreted  with  certainty 
these  are  certain  tracks  found  in  Canada,  Wisconsin,  and 
Two  varieties  are  illustrated  in  Fig.  125.  They  consist  of  a 
rows  of  V-like  forms  with  trail  markings  superposed,  as  th 
ments  or  flexible  organs  were  dragged  over  the  impressio 
diately  after  they  were  formed.  The  organs  that  made  1 
impressions  were  flexible,  as  shown  by  the  variation  in  thi 


the  tracks,  the  curvature  of  the  ridges,  and  the  shifting  of 
tion  of  the  apex.  The  depth  of  the  impressions  and  the  C( 
of  the  surface  of  the  sand  implies  a  rather  heavy  animal,  or 
burrowed  beneath  the  sand.  The  nature  of  the  animal  that 
them  13  problematical.  There  are  other  impressions  that  ■ 
rows  of  indentations,  as  though  made  by  the  feet  of  arthrop< 
still  others  are  continuous  grooves. 

Implied  life.— Scientific  geology,  in  the  strict  sense  of 
contents   itself  with  considermg  the   demonstrable  forms  j 
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'immecUate   indications,   but  philosophical  geology  goes  further  and 
enileavors  to  supply  such  forms  as  may  be  necessary  to  fill  out  a  con- 
sistent assemblage  of  life.    It  has  already  been  noted  that  the  pres- 
ence of  so  much  animal  life  implies  much  vegetable  life  to  supply  the 
necessary  food.    This  inference  is  almost  as  firm  as  the  inference  that 
the  fossils  really  represent  organisms  that  once  lived,  which  was  once 
questioned,  but  is  now  regarded  as  a  scientific  conclusion.    Firm  infer- 
ences, like  that  of  the  presence  of  abundant  vegetation  in  the  Cambrian, 
erade  awav  insensiblv  into  others  that  are  weaker  and  weaker  until 
they  become  verj'  infirm.    There  is  hence  a  danger  of  extending  phil- 
oesophical  geologj'  until  it  shall  pass  into  speculative  geologj^,  without 
being  fully  aware  of  the  fact.     Great  circumspection  is  needed  when 
the  field  of  free  inference  is  invaded,  but  the  subject  of  ancient  life 
would  be  left  barren  of  half  its  interest,  and  most  of  its  stimulus,  if 
inferences  were  not  indulged  in  their  proper  places  and  to  their  proper 
degrees.    The  need  of  caution  arises  more  largely  perhaps  from  unrecog- 
nized alternatives  than  from  any  other  single  source.    For  example,  in 
the  inference  relative  to  vegetation  in  the  Cambrian  and  pre-Cambrian 
times,  which  seems  so  imperative,  it  is  barely  possible  that  an  early 
form  of  life  intermediate  between  plants  and  animals,  or  combining 
their  qualities,  and  ancestral  to  both,  may  have  lived  in  the  earliest 
ages,  and  have  possessed  the  power  of  organizing  organic  matter  from 
inorganic  matter.    These   may  have  furnished   the   ulterior  food  of 
the  animals,  instead  of  plants,  which  may  have  Ix^en  differentiated 
from  them  later.    And  so  even  the  strong  case  of  inferring  vegetation 
from  the  presence  of  animals  is  not  without  some  small  occasion  for 
reser\'e.     But  this  is  really  only  a  change  in  the  form  of  the  infer- 
ence rather  than  in  its  real  substance,  which  is  that  Cambrian  animals 
imply  the  existence  of  plants  or  of  unkno^^^l  organisms  that  ix^rformed 
the  chemical  functions  now  performed  by  plants. 

Duly  mindful  of  the  weaknesses  and  dangers  of  pressing  inferences 
too  far  and  duly  appreciative  of  their  stimulative  value  when  projx^rly 
controlled,  vre  may  inquire  how  far  the  forms  and  functions  of  the 
known  Cambrian  animals  suggest  the  existence  of  other  animids  whose 
presence  is  not  recorded.  A  large  percentage  of  the  kno\Mi  Cam- 
brian animals  "were  pro\nded  with  shells,  tests,  plates,  or  other  forms 
of  hard  coverings.  In  the  main  these  appear  to  have  been  protective 
devices,   and  imply  enemies  or  combative  rivals  against  which  the 
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protection  was  needed.  Can  the  known  Cambrian  animals 
stituted  such  enemies,  or  must  others  be  supposed  to  ha> 
to  furnish  a  good  reason  for  such  protective  provisions?  Pe 
most  significant  feature  of  the  protective  devices  lies  in  the 
they  are  usually  of  the  same  type  as  those  possessed  by 
sponding  animals  of  later  times.  The  shells  of  the  gastropoc 
pods,  and  brachiopods  differ  from  those  of  to-day  only  in  i 
tures.  The  coverings  of  the  trilobites  are  very  much  the 
those  of  their  crustacean  relatives  in  existing  seas.  Much 
may  be  said  of  nearly  every  form.  If  there  had  been  a  radii 
in  the  character  of  their  enemies  or  rivals,  we  might  expect  s 
ble  change  in  the  defensive  devices.  It  is  a  natural  inferei 
fore,  that  the  conflicts  of  life  in  the  Cambrian  waters  had  be 
much  what  they  have  been  in  later  times.  The  inferenc 
pushed  a  step  further,  and  the  deduction  drawn  that  th 
which  led  to  the  evolution  of  the  defensive  devices  were 
same  that  they  have  been  throughout  the  period  of  their 
If  the  reign  of  the  great  predaceous  mollusks,  the  cephalc 
that  of  the  predaceous  fishes  be  supposed  to  have  reached  ba< 
the  Cambrian  period  to  the  time  when  the  armorings  of  t 
forms  were  acquired,  the  total  assemblage  of  attackers  and 
in  the  seas  would  have  been  very  much  the  same  as  it  is  nc 
marine  reptiles  and  manmials  that  have  come  in  since  have 
tially  changed  the  nature  of  the  conflict.  The  occurrence  oi 
alopods  in  the  closing  stage  of  the  Cambrian,  and  of  the  fii 
succeeding  Ordovician  period,  removes  any  special  imj 
from  the  hypothesis  that  they  were  present  in  the  early 
and  perhaps  even  earher. 

If  the  defensive  devices  of  the  Cambrian  animals  are  to  b< 
within  the  strict  limits  of  the  known  forms,  the  armor  oi 
trilobites  must  apparently  be  regarded  as  a  defense  aga 
bers  of  their  own  race,  for  no  other  known  animal  appa 
sufficient  celerity  of  motion  and  sufficient  strength  to  giv 
for  such  protection.  A  similar  remark  may  be  made  of 
cephalopods  when  they  came  in  toward  the  close  of  the  pe 
protection  of  the  gastropods,  pelecypods,  brachiopods,  e 
early  Cambrian  may  have  been  needed  as  a  defense  agains 
bites,  but  it  is  not  at  all  clear  that  just  such  coverings  a^ 
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were  specially  adapted  to  defend  them  against  the  trilobites,  as  we 
should  expect  them  to  be  if  evolved  for  this  special  purpose. 

While  final  conclusions  can  scarcely  be  reached  by  such  studies, 
they  lend  interest  to  the  study  of  the  parts  which  are  chielBy  fossilized 
anil  throw  a  little  light  on  the  life  of  these  early  inhabitants  of  the 

globe. 

Sociological  development. — If  sociology  be  defined  as  the  relation- 
ship of  one  Ywing  thing  to  others,  the  relations  of  attack  and  defense 
may  be  said  to  constitute  the  militant  phase  of  the  sociological  develop- 
ment of  the  Cambrian  times.  These  beginnings  of  animal  sociology 
poissess  no  small  interest  and  importance,  however  crude  they  may 
seem  to  be,  if  we  entertain  the  doctrine  of  evolution  in  its  broader 
phases  which  embrace  mental  as  well  as  physical  evolution.  The 
adjustment  of  the  organisms  to  one  another  and  the  development 
of  qualities,  physical  and  mental,  suited  to  such  adjustment,  is  a  sub- 
ject applicable  to  all  the  ages  in  which  conscious  life  prevailed,  and 
the  simple  lessons  of  its  crude  beginning  may  not  be  less  instructive 
than  the  more  intricate  ones  of  the  late  stages.  The  early  cAddence, 
to  be  sure,  is  imperfect,  and  the  interpretation  is  by  no  means  sure, 
but  it  nevertheless  merits  attention. 

The  shells  of  trilobites  are  sometimes  found  together  in  large  num- 
bers. Occasionally  they  are  closely  packed,  "spoon-fashion/'  Not 
unlikely  these  may  be  the  molted  shells,  for  the  habit  of  molting 
had  been  acquired  even  at  this  time.  Possibly  the  assembling  of 
the  shells  may  be  the  work  of  ciurents  or  similar  inorganic  agencies, 
but  the  suggestion  that  the  trilobites  were  gregarious,  either  habitually 
or  seasonally,  may  be  entertained.  Obscure  and  uncertain  as  these 
and  similar  suggestions  may  be,  we  shall  not  have  followed  the  his- 
tory of  life  development  far  before  the  evidences  of  social  relations 
will  be  distinct  and  unmistakable. 

Kental  development. — ^The  wars  of  the  Cambrian  inhabitants, 
implied  by  their  weapons  of  offense  and  defense,  can  scarcely  have 
been  unaccompanied  by  some  notable  measure  of  mental  develop- 
ment, however  the  nature  of  such  development  may  be  interpreted. 
That  the  trilobites  sought  their  food  or  pursued  theu*  prey  by  sight, 
and  were  guided  by  touch,  their  eyes  and  their  antennae  imply,  and 
it  is  difficult  to  conceive  of  these  actions  without  the  mental  processes 
that  usually  attended  on  pmrsuit  and  capture.    The  control  of  so  com- 
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plex  and  active  an  organism  as  that  of  the  trilobite  implies  an 
development  of  the  nervous  systenu  It  is  not  safe  to  at 
say  how  far  this  admirable  mechanism  was  directed  by  conscio 
gence,  as  distinguished  from  what  we  choose  to  call  automatic  c 
tive  action,  but  there  is  food  for  thought  in  placing  ourselv< 
face  with  the  alternative  of  either  assigning  these  fine  orgar 
their  complex  acti>dties  to  imconscious  automatism,  or  else  of 
ing  in  them  the  early  stages  of  conscious  psycholog}^  Wh 
interpretations  be  wholly  correct  or  not,  it  is  better  to  give 
thought  to  these  higher  problems  than  to  ignore  one  of  the  i 
phases  of  life-evolution. 

Ecological  adaptations. — A  study  of  the  distribution  of 
brian  fossils  gives  indications  that  then,  as  ever  since,  thei 
adaptation  of  life  to  its  immediate  phj'sical  en\dronment, 
appears  to  have  varied  with  the  nature  of  the  bottom,  with 
of  the  water,  and  with  other  marine  conditions,  much  as  it  do 
There  were  mud-bottom  faimas,  sand-bottom  faunas,  and  lik 
tions.    There  seem  to  have  been  zones  of  shore  life  (littors 
shore  life  (photobathic),  and  of  deep-sea  life  (pelagic  and 
although  the  evidence  of  the  last  is  scant.    It  is  important 
nize  these  variations  in  the  comparison  and  correlation  of  ft 
considerable  differences  may  occur  among  faunas  which  we: 
contemporaneous.    Except  in  the   case  of  floating  forms, 
relatively  indifferent  to  the  bottom,  it  is  usually  possible  tc 
the  nature  of  the  conditions  imder  which  the  animals  lived 
nature  of  the  sediments  in  which  the  fossils  are  imbedded. 

Zoological  provinces. — The  assemblages  of  the  life  of  t 
seem  to  have  varied  in  a  broader  way,  giving  rise  to  zoological 
The  leading  agents  in  developing  these  provinces  were  probab 
that  isolated  certain  portions  of  the  sea  from  other  porti 
isolation  was  not  complete  in  most  cases,  but  reached  such 
of  separation  as  to  cause  the  life  of  each  area  to  develop  aloi 
lines,  in  more  or  less  independence  of  the  evolution  of  othe 
The  leading  principles  involved  have  been  set  forth  in  Volume  ] 
672,  particularly  in  that  portion  which  relates  to  provincial 
mopolitan  evolution,  pp.  668-672. 

The  early  faunas  of  the  Cambrian  were  somewhat  pro 
nature,   though  the   provinces  appear   to  have  been  large. 
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e  close  of  the  period,  as  the  seas  crept  out  upon  the  face  of  the  con- 
lents,  there  *was  a  marked  tendency  toward  cosmopolitanism.  The 
ipression  that  life  was  everywhere  the  same  at  a  given  stage  in  the 
\t\\  ageSy  which  naturally  arises  from  the  very  general  and  limited 
eatment  of  the  faimas  to  which  works  of  this  kind  are  confined  by 
leir  limitations  of  space,  is  to  be  guarded  against.  There  was  prob- 
bly  less  variation  in  the  life  of  the  different  regions,  durmg  most  of 
le  geological  epochs,  than  there  is  to-day,  but  it  is  not  certain  that 
lis  was  true  of  all  past  epochs,  and  in  none  of  them  was  there  prob- 
bly  anj'thing  like  complete  uniformity  over  the  whole  globe,  though 
lere  was,  at  times,  much  tendency  in  that  direction,  as  implied  by 
ae  temi  cosmopolitanism. 

Comparison  of  pre-Cambrian  and  post-Cambrian  evolution. — After 
tiis  summary  review  of  the  Cambrian  life,  it  is  appropriate  to  return 
3  the  question  raised  at  the  outset  relative  to  the  degree  of  develop- 
»nt  which  this  first  well-preserv^ed  fauna  exhibits.  On  the  anatomi- 
a1  and  physiological  side,  it  is  clear  that  nearly  or  quite  all  the  funda- 
lental  organs  had  been  developed.  There  were  skeletal  systems 
f  several  forms;  there  were  muscular  systems,  as  shown  by  the  impres- 
kms  and  protrusions  on  shells  and  as  implied  by  the  articulate  struc- 
ure  of  the  trilobites;  there  were  nerv-ous  systems,  as  implied  by  eyes 
jid  other  evidences  of  sense-organs,  and  by  the  need  for  muscular 
cmtrol;  there  were  organs  for  capturing  and  ingesting  food,  and 
lence,  almost  certainly,  organs  of  digestion,  secretion,  excretion,  and 
espiration;  in  short,  there  were  practically  all  the  great  anatomical 
nd  physiological  systems  now  possesscid  by  animals.  The  Cambrian 
knimals  had  acquired  the  various  modes  of  life  possessed  by  existing 
^niTTiftla  of  their  kind,  as  well  as  the  various  modes  of  preserving  their 
ives.  It  is  probable  that  all,  or  nearly  all,  the  senses  had  some  develop- 
oent,  though  this  cannot  be  proved  for  certain  senses.  The  eyes  of 
he  trilobite  show  that  that  wonderful  organ  was  already  developed 
D  a  notable  degree. 

In  the  evaluation  of  these  evolutions  it  is  not  to  be  overlooked  that 
he  initiation  of  all  these  structures  and  functions  is  involved. 

In  the  matter  of  the  divergence  and  the  isolation  of  classes,  and 
he  establishment  of  type  forms,  it  is  to  be  again  noted  that  not  only 
fcre  all  the  animal  subkingdoms,  save  perhaps  the  vertebrate,  pres- 
ni,  but  that,  in  many  of  them,  the  forms  had  come  to  have  so  nearly 
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the  aspect  of  present  forms  that  the  classes  and  some  orders  a 
recognized. 

The  concrete  question  then  arises,  How  does  the  initio 
the  divergence  of  the  structm*es  and  of  the  types  that  pre 
Cambrian  stage  compare  with  the  developments  since?  Th 
given  by  expert  students  of  life-development  very  naturally 
so  far  as  known  to  us,  they  all  assign  a  decidedly  greater  va 
pre-Cambrian  than  to  the  post-Cambrian  evolution.  Forn: 
numerical  terms,  from  sixty  to  ninety  per  cent,  of  the  whole 
is  attributed  to  pre-Cambrian  times. 

The  Succession  of  Faunas, 

Under  the  doctrine  of  evolution,  it  is  presumed  that  t 
every  past  stage  has  grown  out  of  that  which  immediately 
it,  and  that  it  has  merged  into  that  which  immediately  fc 
It  is  usually  assimied  that  if  no  exceptional  influences  af 
process,  there  was  a  continuous  series  of  slow  changes  with 
lines  of  demarkation.  If  this  conception  were  realized  in  fact 
be  less  appropriate  to  speak  of  a  succession  of  faunas  than  o 
tinuous  ever-changing  fauna.  It  is  not  yet  demonstrated; 
that  evolution  proceeded  solely  by  very  slight  changes  comij 
generation  to  generation.  A  doctrine  of  evolution  by  dh 
abrupt  mutations  has  recently  been  advanced  by  DeVr 
maintains  that  changes  as  great  as  those  usually  regarded  as  d 
ing  species  may  take  place  between  parent  and  offspring, 
the  new  characters  so  introduced  may  be  perpetuated  ai 
permanent.  This  is  equivalent  to  maintaining  that  new  sf 
arise  abruptly  when  the  parent  form  is  in  what  is  termed 
ting  stage.  It  is  not  held  that  these  changes  take  place  in 
at  all  stages,  but  only  in  some  species  at  certain  periods  of  t 
ence  when  they  arc  in  this  mutating  condition.  The  d 
at  present  held,  does  not  maintain  that  a  whole  fauna  woul( 
to  change  into  a  different  fauna  abruptly,  but  merely  that  n 
might  arise  in  it  abruptly.  At  present  the  doctrine  rests 
observations   and   experiments   made   on   a  few  plants.     1 

^  Die  Mutationstheorie,  1903.  See  also  Bateson's  Materials  for  the  Sti 
tion,  1894;  and  W.  B.  Scott,  On  Variations  and  Mutations,  Am.  Jour,  i 
355. 
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for  more  extensive  experimental  studies  to  substantiate  or  overthrow 
this  most  important  doctrine.  While  awaiting  the  fate  of  this  and 
cognate  biological  doctrines,  it  is  to  be  noted  that  the  geological  record, 
as  now  known,  does  not  show  a  complete  gradation  from  one  species 
into  another,  though  this  may  be  due,  as  conmionly  assigned,  to  the 
imperfection  of  the  record.  In  some  cases  there  is  a  close  approxi- 
mation to  a  graded  series  from  one  species  to  another,  but  the  steps 
of  the  gradation  are  not  sufficiently  close  and  definite  to  decide  between 
evolution  by  an  infinite  mmiber  of  small  changes,  and  a  more  abrupt 
change,  masked  more  or  less  by  variations,  as  postulated  by  the  muta- 
tion theorv\ 

If  we  turn  from  species  to  faunas,  which  embrace  a  large  number 
of  species  belonging  to  quite  different  orders,  it  is  obvious  that  a  more 
general  point  of  view  must  be  taken,  and  that  inferences  connected 
with  biological  and  physical  environment,  such  as  set  forth  in  Volume  I, 
pp.  663-672,  are  to  be  brought  under  study.    As  a  matter  of  obser- 
vation, it  appears  that  sometimes  one  fauna  graduates  into  the  suc- 
ceeding one,  while  at  other  times  the  change  is  apparently  abrupt. 
If  the  progress  of  life  the  world  over  could  be  studied  as  a  unit,  it  would 
probably  appear  that  there  was  a  nearly  perfect  gradation  of  the  life 
of   one  stage  into  that  of  the  next.     This  gradation  probably  took 
place  more  rapidly  at  some  times  than  at  others,  and  it  is  quite  cer- 
tain that  some  forms  changed  much  more  rapidly  than  others.     But 
when  we  limit  our  study  to  the  succession  of  life  of  any  one  continent, 
or  to  that  of  its  coasts  or  embayments,  or  to  that  of  some  one  of  the 
seas  on  its  borders  or  on  its  bosom,  or  to  that  of  any  limited  province, 
it   is  evident  that  the  progress  of  evolution  in  the  given  region  was 
subjected  to  interruption  by  physical  changes,  such  as  affected  the 
depth,  temperature,  or  clarity  of  the  water,  the  nature  of  the  bottom 
and  like  elements  of  the  local  environment,  and  that  these  brought 
about  shiftmgs  in  the  distribution  of  life.     Out  of  these  local  influences 
superposed  on  the  general  progress  of  life  there  grew  rather  definite 
stages  of  change  between  which  the  faunas  retained  a  rather  constant 
and  distinctive  aspect,  though  always  undergoing  some  modification. 
Where  the  change  is  found  to  have  been  abrupt  and  there  is  no  evidence 
of  a  break  in  the  record,  the  explanation  is  usually  to  be  sought  in 
migration,  by  which  a  new  fauna  came  in  from  somewhere  else  and 
the  old  fauna  emigrated  to  a  new  field,  or  was  overwhelmed  by  the 
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invaders.  Comparatively  slight  changes  in  the  relations  o 
land  were  competent  to  introduce  or  to  remove  barriers  anc 
mit  such  migratory  movements  (see  pp.  668-672,  Vol.  I).  T 
process  is  closely  analogous  to  the  well-known  succession  of  th 
races  that  has  been  brought  about  by  the  migrations  of  ma 
Old  and  New  Worlds. 

Pondering  upon  these  agencies,  it  becomes  clear  that  in  t 
of  faunal  progress  there  is  occasion  to  recognize  (1)  rathe 
changes  brought  about  by  overwhelming  invasions;  (2)  les 
changes  brought  about  by  the  more  gradual  inflow  of  foreigr 
and  the  gradual  conmiingling  of  the  immigrants  with  the 
species;  (3)  very  gradual  changes,  or  nearly  constant  states 
the  slow  evolution  of  resident  species  when  not  much  affected 
gration  or  by  physical  changes;  and  (4)  more  rapid  evolutio 
profoimd  changes  in  the  physical  conditions  or  in  other  agenci 
ing  the  life,  including  perhaps  the  imknown  causes  that  n 
brought  about  a  mutating  stage  simultaneously  in  large  nu 
the  leading  species. 

The  greatest  of  the  faunal  changes  are  those  that  mark 
of  *'  Eras ''  and  of  the  greater  **  Periods  "  (using  these  terms  in  t 
nical  senses) ;  but  within  the  ".Periods  "  there  were  less  radica 
that  marked  off  the  lesser  successions  of  the  faunas.  Within 
brian  period,  three  stages  in  the  life  progress  are  recognized  i 
are  made  the  ground  for  distinguishing  the  Lower  (or  Olene 
Middle  (or  Paradoxides),  and  the  Upper  (or  Dikellocephalu^)  : 
the  period.  It  is  to  be  understood  that  there  were  not  a  fe 
which  lived  from  one  stage  into  the  next  and  constituted  bond* 
the  faunas,  and  that  the  demarkation  is  not  very  distinct,  1 
were  leading  forms  that  were  confined  to  the  individual  st 
characterized  them  and  their  faunas. 

The  Lower  Cambrian   or  Olenellus  fauna.^ — The  most  characteristic 
the   lower   fauna   is  the   Olenellus ,  a  finely  developed   trilobite   of   "w 
types  are  illustrated  herewith,  Olenellus  gilberti  (Fig.  126,  6),  Holmia 
hroggen  (Fig.  118,  a),  and  Mesonads  {Olenellus)  vermontana  (Fig.  12( 

^  See  The  Fauna  of  the  Lower  Cambrian  or  Olenellus  Zone,  by  Chas.  ] 
Tenth  Ann.  Rept.,  U.  S.  Geol.  Surv.,  1888-89,  and  the  papers  therein 
Mr.  G.  F.  Matthew,  who  has  given  much  study  to  the  Cambrian  faunas  o 
dian  provinces,  interprets  the  succession  somewhat  differently  from  Wale 
here  followed.     See  Matthew's  papers  referred  to  in  foot-note,  p.  280. 
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of  these  ivere  fonoerl^  placed  under  the  genus  OleneUus,  but  the  last  two  are 
BOW  generally  recognized  as  separate  genera,  and  are  highly  characteristic  of  the 
Lower  Cambrian  horiiona.  Holmia  is  found  in  the  coast  province,  and  in 
Europe,  notably  in  Sweden;  it  occurs  rarely  in  the  Appalachian  province. 
it"onaei»  is  found  in  both  the  Appalachian  and  coast  tracts.  OUnellus  gilberti 
■  Fig.  1 26)  is  a  typical  form  found  in  the  western  provinces,  0.  Thompsoni  occurs 
■::  the  Appalachian  tract.  The  lowest  order  of  trilobitcs  (the  Hypoparia)  is  repre- 
flenteJ  by  Mtcrodisctu  spceuuua  (Fig.  126,  c).  Its  primitive  characters  are  shomi 
in  ibe  apparent  absence  of  eras,  the  small  number  of  thoracic  segments,  and  its 
similarity  to  the  early  stages  of  the  higher  trilobitfis.    At  least  fifteen  genera  of  trilo- 


Fio.  126. — Lower  Camliiian  Fossils.     TrUobUes;   a,  Mesonacis  (fl}eneUux)  i 

Hall;  b,  OUnelluii  gilbfrii  Meek;  e,  MicrndUam  sprciosuf  Ford;  Brachiopudi.- 
d  and  e,  Kutorgina  einguUUa  Uillings,  side  and  dorsal  or  brachial  \'ie\vs;  /  and  g, 
Ipltidea  labradoriea,v&r.  smmeonensia  WaleotI,  dorsal  or  brachial  valve  and  cross- 
p««tioD;   I,  Lingulella  calala  Ilall)   Gaslropod:  h,  Plah/ceras  primcEHum  Billing. 


bites,  represented  by  fifty  species,  have  already  been  found  in  the  LowTr  Cam- 
brian of  America.  Of  brachiopods  at  least  ten  genera  and  thirty  epccics  are 
known,  and  many  more  will  doubtless  be  found.  Among  the  characteristic  forms 
are  Kulorgina  cingulala  (Figs.  126,  d  and  e),  Ipkidca  tabradorifa  var.  sjnintonensU 
(Figs.  126,  /  and  g),  ProUrrhyneha  antiquata  (Fig.  121,  b),OboleUa  gemma  (Fig. 
121,  a),  BiUingteUa  trannxna  (Fig.  121,  e)  and  Arrotrcta  gemma  (Fig.  121,  c  and 
d),  and  Lingulella  ealata  (Fig.  126,  t).  Of  gastropods,  at  least  a  half-dozen  genera 
and  a  dozen  species  are  known,  among  which  were  Stenolheca  rugasa  (Fig.  120, 
€  aod  d),  and  Platycenu  prinuevum  (Fig.  126,  h),  characteristic  forms.  Among 
the  t}-picfll  pelecypods  was  Fordilla  troyennu  (Fig.  120,  b).    A  quite  common 
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fossil  all  through  the  Cambrian  was  the  HyclUhea,  usually  referred  to ' 
pods,     H.  ameruanw  {Fig.  120,  a)  was  one  of  many  Lower  Cambria 

There  were  forms  usuaUy  referred  to  sponges,  but  identified  by 
corals,  such  as  Archaoct/alhus  renaselttricus  (Fig.  124,  a  and  b)  and 
such  as  Phyiiogfaptus  cambrerms  (Fig.  124,  e).  Fig.  124,  c  and  d, 
aliemata,  represent  a  series  of  singular  forms  regarded  by  Natborst  a 
as  the  casts  of  the  gastric  cavity  of  a  medusa.'  There  were  worm-borin 
and  unidentifiable  forms,  making  up,  altc^ther,  a  rather  varied  fauna 

The  Hiddle  Cambrian  or  Patadoxldes  fauna. — The  general  aspect  of 
of  the  Middle  Cambrian  was  similar  to  that  of  the  tower  divlmon.     Thei 


Fio.  127. — Middle  Cambrian  Fossils.  TrUobiUs:  a,  Paradoiides  bohemi 
b,  Olenoi/Us  rurlieei  Walcott;  c,  Ptjfchoparia  fctnyt  Meek;  rf,  A(jnoi!u» 
W'liite;  Brachiopods:  e,  Protorihie  billingsi  (Hartt);  jj",  lAnnarsMiia 
(Hartt);    Gastropods:  f,   Hartlia  malthewi  Walcott,  interior  of  the  si 

slight  evidence  of  advance  in  oi^anizatii>n,  and  as  knowledge  now 
increase  In  numbers,  but  apparently  a  decline,  which  is  probably  mere 
of  the  record.  The  Olenellus  had  disappeared  and  the  Paradoxtdes  (F 
reigned  in  its  stead.  The  trilobites  appear  to  have  reached  their  clin 
in  certain  species  of  the  Paradoxtdes,  some  individuals  attaining  a  h 
foot  and  a  half,  but  there  was  further  advance  in  structure  and  nirnil 

'  For  a  special  diacuBsion  and  numerous  illustrations  of  these  forma, 
McdusEC,  Mono.  XXX,  U.  S.  Geol.  Surv.,  1898,  by  Walcott. 
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ffurceeding  epochs.  Crepicephalus  texanus  (Fig.  118,  h)  and  Olenoides  curticei 
I  Fig.  127,  h)  are  interesting  trilobites  belonging  to  the  middle  fauna.  Ptycho- 
paria  kingi  (Fig.  127,  c)  and  P.  antiqua  (Fig.  118,  c)  are  species  characteristic  of 
the  middle  stage,  but  the  genus  ranges  both  below  and  above.  Agnoatus  inter- 
^trictus  (Fig.  127,  d)  and  A,  obtusilobus  (Fig.  118,  c?)  represent  the  lowest  type  of 
trilobites.  Brachiopods,  as  before,  Avere  next  to  the  trilobites  in  importance. 
Frtttorthis  hUlingsi  (Fig.  127,  e)  and  Linnarssonia  transversa  (Fig.  127,  g)  are 
distinguishing  species.  Acrotreta  gemma  (Fig.  121,  c  and  cT)  and  some  other 
ispeoies  of  the  lower  fauna  lived  through  the  middle  and  into  the  upper  stage. 
Hartiia  malihewi  (Fig.  127,  /)  represents  an  interesting  gastropod  of  the  time. 
HfftfiithcSj  representing  the  pteropods,  were  common;  other  pteropods  were 
few.  Plates  of  cystidians  {Eoq^stites  primavus,  Fig.  123)  have  been  found, 
but  no  complete  forms. 

The  fauna  as  here  characterized  is  that  which  prevailed  in  the  Atlantic  prov- 
ince. In  the  interior  and  western  province,  no  very  distinct  Middle  Cambrian 
fauna  has  been  detected  and  the  life  of  that  stage  does  not  seem  to  have  closely 
corresponded  to  that  of  the  Atlantic  province. 

The  Upper  Cambrian  or  Dikellocephalus  fauna. — The  most  characteristic  trilo- 
bite  of  the  Upper  Cambrian  of  America  is  the  Dikellocephalus,  while  in  Europe 
it  is  Olenus,  thou^  Dikellocephalus  occurs  there.  The  D.  pepinctisis  (Fig.  128,  a) 
IS  a  typical  species.  There  were  many  smaller  trilobites,  among  which  were 
species  of  Ptychoparia,  Conocoryphc,  Crepiccphalus,  Agraulus,  etc.  Brachiopods 
were  well  represented  by  phosphate  linguloid  shells,  of  which  Lingulcpis 
pinniformis  (Fig.  128,  e  and  /)  and  Obolella  polUa  (Fig.  128,  g)  may  be  taken  as 
t\iiical,and  by  shells  of  calcium  carbonate  of  which  Plectnrthis  neivtonensi^  (Fig. 
12*i,  h  and  c)  and  BillingseUa  coloradoensis  (Fig.  128,  m  and  n)  are  examples. 
The  HgtAithes  (Fig.  128,  d)  were  still  common,  (iastropods  were  abundant  in  favor- 
able localities,  and  were  represented  by  shells  of  the  cap  type,  by  those  coiled  into 
a  spire,  as  Holopea  siree^i(Fig.  128,  ^),  by  those  coiled  in  a  plane,  as  Bellcrophon 
atttiqufUus  (Fig.  128,  i  and  j),  and  by  those  having  a  depressed  coil,  as  Ophilcta 
primnnlialis  (Fig.  128,  k  and  /)•  Pelecypods  and  cephalopods  were  rare;  as  were 
aL?<^>  (*<jrals  and  cystoids.  Annelids  are  quite  frequently  represented  by  borings 
and  occasionally  by  mounds  heaped  about  the  openings  of  these  and  by  trails 
leading  away  from  them,  as  shown  in  Fig.  122.  Greensand  {GlauconitCf  a  silicate 
of  iK)tash  and  iron)  is  rather  abundant  in  certain  horizons  of  the  Upper  Cambrian. 
.\s  much  of  the  glauconite  of  later  beds  is  associated  with  rhizopod  shells,  and 
Is  now  forming  in  connection  with  them,  the  abundant  presence  of  rhizopods  in 
the  UpjxT  Cambrian  is  inferred.  Near  the  summit  of  the  Cambrian  series,  as  it 
is  usually  defined,  graptolites  (Fig.  124,  e)  become  abundant  and  Tiide-sprcad, 
and  characterize  a  horizon  known  as  the  Dictyonema  beds. 

The  foreign  Cambrian  faunas. — There  is  a  rather  close  corresi)oiid- 
enco  between  the  faunas  of  the  eastern  American  province  and  those 
of  the  w-estem  and  southern  Euroix^an  provinces,  which  is  but  another 
way  of  saying  that  the  faunas  around  the  border  of  the  North  Atlantic 
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were  much  alike.  Those  of  the  interior  and  western  portion  of  1 
appear  to  have  been  more  nearly  correlated  with  the  faunas  of 
and  eastern  Eurasia.  Richthofen  found  typical  Cambrian  fc 
eastern  China,  and  his  observations  have  been  confirmed  and  e: 
recently  by  Willis  and  Blackwelder.  Fossils  of  the  Cambrian 
but  somewhat  divergent  from  the  European  types,  occur  in  t 


Fig.  128. — Upper  Cambrian  Fosisls.  TntobHen:  a,  DikeUorephalus  pepinen. 
Brachiopods: b  and  r,  Ptect'irlhis  newtonensis  Weller,  internal  fasts  of  th 
or  dorsal  and  pedicle  or  ve"*ral  valves;  e  and  ),  UngukpU  pinniforn 
riews  of  the  two  valves;  g,  Obniella  potita  Hall;  m  and  n,  Bitlin^sella  eol 
(Shum.).  Gastropods:  k,  Halopea  sieeeti  Whitfield;  t  and  j,  Belkrophon  ■ 
Whitfield,  two  views  of  tlie  same  sliell;  k  and  I,  Ophitela  primordalia 
two  \'ieiv5  of  the  same  shell.  Picrapod:  d,  Hyolitixa. 


range  of  India,  while  more  typical  forms,  embracing  Olenet 
Dikellocephalus,  arc  found  in  south  Australia  and  Tasmania.  Tl 
Cambrian  fauna  is  found  in  northern  Argentina.  T^en  al 
these  facts  show  that  the  same  general  types  of  life  prevailed  i 
out  the  world,  so  far  as  known,  while  there  were  notable  pi 
variations  then,  as  at  all  later  stages. 
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The  abrupt  appearance  of  the  Cambrian  fauna. — The  explanation  of 
the  apparent  suddenness  of  the  appearance  of  the  Cambrian  fauna 
is  one  of  the  open  questions  of  geology.    In  a  general  way,  it  may 
be  said  that  the  previous  beds  were  subjected  to  distortion  and  meta- 
morphism  and  that  this  was  Uable  to  destroy  any  fossils  that  might 
have  been  preserved;    but  this  is  not  wholly  satisfactory,  for  some 
of  the  earlier  beds  are  not  greatly  changed,  and  seem  quite  capable  of 
receiving  and  retaining  organic  impressions.    In  later  formations  that 
have  been  considerably  disturbed  and  changed,  fossils  are  sometimes 
retained.    It  is  equally  true  that  later  beds  that  seem  quite  capable 
of  receiving  and  retaining  organic  impressions  are  devoid  of  them. 
On  the  whole,  geologists  seem  inclined  to  refer  the  scantiness  of  pre- 
Cambrian  fossils,  and  hence  the  apparent  abruptness  of  the  intro- 
duction of    the  Cambrian  fauna,  to  unfavorable  conditions  for  fossili- 
zation,  combined  with  subsequent  changes  in  the  rock.    This  makes 
the  abruptness  merely  a  matter  of  preservation,  not  of  evolution  or 
real  introduction.    Two  suggestions  have,  however,  been  made  which 
entertain  the  thought  that  the  coming  of  the  Cambrian  life  into  the 
shallow  seas  about  the  continents,  and  the  taking  on  of  its  character- 
istic forms,  were  really,  in  some  measure,  abrupt,  though  the  general 
evolution  of  life  elsewhere  and  under  other  conditions  had  long  been 
in  prepress. 

Brooks'  hypothesis. — The  first  of  these  ^  postulates  that  the  earlier 
forms  of  life  originated  in  the  surface-waters  of  the  open  ocean,  as 
one-celled  organisms,  and  that,  because  of  the  simple  and  monotonous 
conditions  there  prevalent,  the  pelagic  plant  life  has  remained  simple 
and  unicellular  in  the  main  to  the  present  time  and  still  constitutes 
the  chief  food  of  all  marine  animals.  There  was  little  occasion  for 
imicellular  organisms  to  develop  into  aggregated  forms,  for  in  the 
water  separate  cells  had  larger  contact  with  the  food-supplies  and 
with  the  simlight  than  aggregated  cells.  It  was  only  when  the  life 
became  attached  to  the  bottom  or  shore,  or  crept  out  upon  the  land, 
that  aggregation  of  cells  and  the  development  of  complex  organisms 
became  a  marked  feature  in  evolution.  At  first  the  conditions  were 
unfavorable  for  life-development  on  the  land  and  on  the  sea-borders; 

'  W.  K,  Brooks,  The  Origin  of  the  Oldest  Fossils  and  the  Discoverj'  of  the  Bot- 
tom of  the  Ocean,  Jour.  Geo!.,  Vol.  II,  1894,  pp.  455-479.  Some  features  have  beer 
here  added  to  the  hypothesis. 
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for  under  this  hypothesis  the  land  was  still  barren  and  its  wat( 
wholly  sterile  so  far  as  food  for  animals  was  concerned.  Bes 
account  of  the  unprotected  nature  of  the  land  surface,  the  wj 
unrestrained  and  the  waters  were  doubtless  uncommonly  sil 
a  result,  the  sea  waters  about  the  borders  of  the  land  were 
sterile  and  muddy,  and  hence  uninviting  to  most  marine  i 
It  was  only  as  the  plants  spread  to  the  shores  and  crept  over  1 
that  the  shore  waters  became  clear  and  enriched  in  organic  r 
When  at  length  vegetation  made  the  shores  and  shallow  wat 
genial  homes  for  animals,  they  are  thought  to  have  plante( 
selves  there  and  to  have  evolved  types  adapted  to  that  envu 
with  relative  rapidity. 

The  second  hypothesis. — The  other  suggestion  involves  an  < 
point  of  origin  and  an  opposite  direction  of  distribution.     It 
that  the  first  forms  of  life  were  simple  plants  that  originatec 
land  waters.    In  this,  appeal  is  made  to  the  observation  of  t 
that  the  fresh-water  plants  are  of  more  germinal  and  plasti 
than  the  marine  plants  and  are  apparently  better  suited  to  dififc 
into  the  present  rich  and  varied  vegetable  kingdom.    They  wei 
situated  for  this  since  the  great  differentiations  of  the  vegetat 
dom  have  taken  place  chiefly  on  the  land.    This  hypothesis 
assumes  that  the  early  animals,  to  a  greater  or  less  degree,  h 
origin  in  the  same  waters,  and  like  the  plants  on  which  they  were 
ent  spread  thence  to  the  sea  and  out  upon  the  land.    It  is  c( 
that  there  might  be  considerable  development  of  the  aquati 
of  animal  life,  such  as  the  fishes,^  mollusks,^  crustaceans,  etc. 
land  waters  before  they  became  denizens  of  the  seas,  and  their 
ance  in  the  latter  might  be  at  some  rather  advanced  stage 
evolution  and  hence  be  seemingly  sudden.    As  has  been  notec 
only  after  the  ocean   waters  were  plentifully  enriched  in  \ 
matter  that  the  stationarv  forms  of  marine  life  could  be  su 
supplied  with  food.    This  enrichment,  however,  does  not  ne 
imply  a  very  great  period,  geologically  speaking. 

It  is  doubtful  whether  either  of  these  suggestive  hypothest 

*T.    C.   Chamberlin,  On  the  Habitat  of  the  Early  Vertebrates,  Jour. 
Vol.  VIII,  1900. 

*  F.  W.  Sardeson,  The  Phylogenic  Stage  of  the  Cambrian  Gastropoda 
Geol.,  Vol.  XI,  No.  5,  1903. 
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maes  suffidently  the  fact  that  a  great  evolution  of  ancestral  forms  must 
apparently  have  taken  place  in  a  common  body  of  water,  and  in  close 
aasociation  with  one  another,  for  their  defensive  coverings  are  good 
evidences  that  they  had  lived  and  battled  together  long  enough  to 
evolve  these  and  all  the  structures^  habits,  activities,  and  dependencies 
that  go  with  thenu 


CHAPTER  VI. 

THE  ORDOVICIAN  (LOWER  SILURIAN)  PERIOD. 

Formations  and  Physical  History. 

That  no  considerable  physical  change  took  place  in  th 
of  land  and  water  in  North  America  at  the  close  of  the  Camb 
as  usually  defined  is  shown  by  the  general  conformity  hi 
Ordovician  and  Cambrian  systems.  Where  miconformity  c 
relatively  slight.  There  is  here  no  considerable  "  lost  interv 
which  the  record  of  sedimentation  is  unknown,  and  the  i 
shows  the  relations  of  land  and  water  in  our  continent  ai 
of  the  Cambrian  (Fig.  95)  serves  also  to  indicate  their  r 
the  opening  of  the  Ordovician. 

It  has  been  seen  that  during  the  Cambrian  period,  so  fa 
America  is  concerned,  the  sea  slowly  encroached  on  the  lan« 
the  Ordovician  period  which  followed,  the  climax  of  the  tr 
was  reached,  and  an  epicontinental  sea  (Vol.  I,  p.  11)  stood 
of  the  continent  (Fig.  129).    This  general  statement  is  not 
strued  to  mean  that  the  continental  area  was  altogether  witl 
ment  during  this  period.    There  is  reason  to  believe  that 
and  local  oscillations  of  level,  either  of  the  land  or  of  the 
both,  sufficient  to  change  conditions  of  sedimentation,  wei 
many  times   and  in  many  places  during  the  period,  and 
close,  geographic  changes  of  great  importance  took  place. 

Sedimentation  During  the  Ordovician  Periob 

So  long  as  the  sea  was  encroaching  on  the  land,  as  in 
brian  period,  the  sediments  deposited  within  the  contir 
were  predominantly  clastic.  Deposits  of  organic  sedimei 
coral,  etc.,  and  their  comminuted  products),  together  wit 
less  land-derived  detritus,  were  being  made  in  the  clearer  wat 


THE  OBDOVICIAN  PEHIOD. 


'k  129, — Map  showing  tlie  grnvml  <-oiiditioii  of  tlip  North  Amencan  confinpnt  in 
MH-'">rdo\iriftn  (Trenton)  time.  The  liLick  iKHtionu  Trprf^nt  areas  where  ilif 
Mi'liltr  i>nlo\idan  beds  appar  at  the  «iir(aco  Tlie-*  tnai  "o  nearh  mrrespfind 
with  tlip  areas  where  the  Ordorician  ?\stem  a*  i  whole  ippeniv  it  the  surfaoe 
tt>:i:  no  .-^rioii-!  error  is  involved  if  the  hljek  aret  In  initrpreird  as  Ordovii-ian 
Th*  v.trioii^  eonventioiisof  the  mapare  ihe«amen.  iii  Fig    ts  i     14~ 
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the  reach  of  abundant  terrigenous  sediments;  but  within 
of  the  North  American  continent  such  formations  were 
unimportant. 

The  conditions  of  sedimentation  during  the  Ordovician  p 
somewhat  different  from  those  of  the  Cambrian  period.  1 
lands  as  still  remained,  the  winds,  the  rains,  the  changes  oi 
ture  and  the  plants  and  animals,  if  then  present,  operated,  ^ 
the  rock  and  preparing  it  for  removal  to  the  sea.  But  the  < 
area  of  the  land  within  North  America  was  attended  by 
in  the  amount  of  terrigenous  sediment  transported  to  the 
the  increased  (though  still  shallow)  depth  of  the  epicontiner 
tended  to  prevent  its  transportation  far  from  shore.  While  1 
tion  of  terrigenous  sediment  was  in  progress  near  the  land,  ot 
of  sedimentation  were  in  progress  farther  from  it,  where  v 
dust,  and  shells  and  skeletons  of  marine  animals  and  pi 
accumulating. 

Since  the  land  areas  of  the  Ordovician  period  were  of  va 
of  various  sorts  of  rock,  and  presumably  of  various  heights, 
apparently  existed  for  the  deposition  of  all  sorts  of  sedimc 
their  borders.  The  conditions  which  determined  variatio 
sediment  also  influenced  the  rate  of  sedimentation.  The 
tion  was  doubtless  more  rapid  along  the  borders  of  such  a 
as  that  in  the  eastern  part  of  the  United  States,  than  about  1 
islands  at  various  points  farther  west,  and  sediments  must  ha\ 
more  rapidly  on  that  side  of  any  land  mass  towards  which 
part  of  its  drainage  was  directed,  than  on  the  other. 

The  sediments  deposited  during  the  Ordovician  period  ai 
ing  with  these  general  principles.  Adjacent  to  the  broa< 
deep  arm  of  the  ocean  which  covered  the  larger  part  of  the 
basin  (Fig.  129)  there  appears  to  have  been  no  source  of 
sediments.  Along  the  western  base  of  the  elongate  tract  of  la 
lachia)  in  the  eastern  part  of  the  United  States,  mud,  sand,  a 
washed  down  from  the  land,  were  being  deposited.  In  g 
coarser  materials  were  left  nearer  the  land,  while  the  finer  w 
farther  out.  Alternating  beds  of  coarse  and  fine  sediment 
cate  either  that  the  adjoining  land  was  higher  at  some  tim( 
others,  or  that  the  climatic  conditions  or  the  vegetal  covering 
or  that  waves  and  currents  varied  in  their  strength.    Along 
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■here  the  Appalachian  mountain  system  was  to  appear  later,  lime- 
stone, the  product  of  clear  waters,  is  very  subordinate  to  clastic  rocks 
among  the  formations  of  the  Ordovician  system.  Concerning  the 
fannations  made  along  the  eastern  border  of  Appalachia,  little  is 
fakown.  If  the  Ordovician  shore  was  east  of  the  present  coast,  the 
ionnations  of  the  period  are  obviously  not  exposed;  if  it  was  west 
d  the  present  coast,  the  sediments  deposited  within  the  present  land 
uea  were  either  subsequently  removed  by  erosion,  or  are  concealed 
Vy  later  beds,  or  have  been  metamorphosed,  for  the  most  part,  past 
Tecognition. 

The  beds  of  sediments  forming  at  the  same  time  in  Newfoundland 
and  in  the  northeastern  parts  of  Canada  were  largely  of  limestone, 
indicating  that  abundant  debris  from  the  land  was  not  brought  to 
this  region.  Likewise  in  the  area  west  of  the  Adirondacks,  in  the 
Ottawa  basin,  the  prevailing  sedimentation  seems  to  have  been  organic 
rather  than  clastic,  indicating  that  the  land  to  the  north  was  not  fur- 
nishing abundant  sediments  to  this  region,  either  because  it  was  low, 
w  perhaps  well  clothed  with  vegetation,  or  becaase  the  drainage  was 
m  some  other  direction. 

About  the  isolated  land  masses  farther  west,  Ix^ds  of  sand  and  mud, 
subsequently  to  become  sandstone  and  shale,  were  in  process  of  accu- 
mulation; but  the  sources  of  material  appropriate  for  such  formations 
were  not  extensive,  and  the  formations  thenLselvos  are  corresjx)ii(lingly 
limited.  Here  the  conditions  for  the  formation  of  limestone  prevailed, 
for  while  shell-bearing  and  other  lime-secreting  animals  and  plants 
mav  have  been  no  more  abundant  far  from  land  than  near  it,  their 
shelLs  were  probably  more  abundant  relative  to  the  sediments  derived 
/nwfi  the  land.  The  occasional  variations  from  limestone  to  shale  or 
san<lstono  in  this  region  were  probably  connectcnl  with  oscillatory 
relations  of  land  and  sea,  or  currents.  WTien  the  land  was  low,  and 
the  waters  relatively  free  from  terrigenous  sedimc^nts,  limestone  apjx*ars 
to  have  been  making;  when  the  land  was  higher,  more  material  was 
brought  to  the  sea  by  the  streanL*^;  and  where  th(»  ocean  water  was 
shallow,  this  material  was  carried  relatively  far  from  the  land  whence 
it  came. 

But  even  during  those  inter\'als  when  the  land  was  so  low  as  not 
to  j-ield  abundant  sediments,  preparation  was  making  for  future  for- 
mations of  clastic  rock.    WTiile  in  this  attitude,  the  formations  of  the 
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land  were  undergoing  decay,  even  though  the  products  of  dc 
not  removed.  Under  these  conditions,  thick  mantles  of  reside 
accumulate,  representing  the  excess  of  rock  decay  over  ti 
tion.  When,  after  such  intervals  of  rock  decay,  uplift  of 
gives  the  streams  transportive  power,  they  find  a  large  amoi 
integrated  material  ready  for  removal.  Under  such  conditi 
surfaces  are  rapidly  degraded,  and  sediments  rapidly  ac< 
about  them. 

Concerning  the  Ordovician  strata  of  the  western  portion 
America  much  less  is  known,  since  most  of  the  region  has 
studied  in  detail;  but  it  is  safe  to  assume  that  the  same 
governed  by  the  same  principles,  were  there  in  operation.  ( 
strata  are  known  in  the  Black  Hills  of  South  Dakota,^  in  Ii 
ritory,2  Texas,^  at  various  points  in  New  Mexico,  Arizona,  C 
Utah,^  Nevada,*  Wyoming,^  Montana,  Colorado,^  and  British 
and  are  doubtless  present  over  considerable  areas  where  : 
pletely  concealed. 

Looked  upon  as  a  whole,  the  sediments  of  the  Ordovici 
were  as  wide-spread  as  the  Ordovician  seas  themselves.  To 
preceding  formations  of  rock  so  situated  as  to  be  subject  t 
contributed,  and  their  development  meant  the  destruction  of 
alent  body  of  older  rock.  The  old  material  which  enterec 
new  system  was  brought  from  the  land  by  streams,  v 
its  shores  by  waves,  or  blown  to  the  sea  by  winds;  and  wh 
enous  sediments  failed,  or  where  they  were  relatively  imi 
the  shells  and  other  secretions  of  animals  and  plants  ace 
giving  rise  to  sedimentary  rocks  of  organic  origin.  Even 
their  ultimate  source  in  the  older  formations,  for  the  minei 
extracted  from  the  sea  to  make  the  shells  had  been  disso 

^  Todd,  Geology  of  South  Dakota;  and  Jaggar,  21st  Ann.  Rept.  U.  S. 
Pt.  Ill,  p.  178. 

2  Taff,    Atoka   folio,   U.  S.  Geol.  Su^v^  and  Professional  Paper  No. 

'  Richardson,  Bull.  9,  Univ.  of  Texas  Min.  Surv.,  p.  32.  The  Ordov 
unconformable  on  the  Cambrian;    idem.,  p.  27. 

<8purr,  Bull.  208,  U.  S.  Geol.  Sun*. 

5  King,  Geol.  Surv.  of  the  40th  ParaUel,  Vol.  I. 

•  Absaroka  and  Yellowstone  folios,  U.  S.  Geol.  Surv. 

'  King,  op.  cit.  and  Anthracite-Crested  Butte,  Pike's  Peak  and  Tei 
U.  S.  Geol.  Surv. 

*  Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  68. 
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older  formations  during  the  process  of  their  decay,  and  brought  to 
the  sea  in  solution  by  the  same  streams  which  brought  the  mud  in 
suspension. 

WTiile  the  rocks  of  the  Ordovician  system  were  as  widely  distributed 
as  the  Ordovician  seas,  their  present  exposures  (Fig.  129)  are  much 
less  extensive,  for  they  are  to  be  seen  only  where  they  have  either 
never  been  covered  by  later  formations,  or  where  the  beds  which 
once  overlay  them  have  been  removed  by  erosion.  These  areas,  taken 
tc^ther,  are  relatively  small.  Elsewhere,  where  the  Ordovician  rocks 
exist,  they  are  buried  by  later  deposits,  and  are,  for  the  most  part, 
inaccessible.  They  are  known,  so  far  as  known  at  all,  only  by  infer- 
ence, and  by  the  meager  data  afforded  by  borings  and  excavations. 
But  even  by  these  imperfect  means,  it  is  kno\vn  with  a  reasonable 
degree  of  certainty  that  the  Ordovician  system  underlies  much  of 
the  eastern  interior  of  North  America,  though  concealed  by  later  beds. 
The  general  stratigraphic  relations  of  the  Ordovician  system  where 
the  strata  have  not  been  greatly  deformed  are  shown  in  Fig.  136. 

It  is  probable  that  the  larger  part  of  the  ocean  basins  was  contin- 
uously submerged  during  the  Ordovician  as  during  earlier  periods,  and 
that  in  them  the  Ordovician  strata  overlie  conformablv  those  of  Cam- 
brian  age.  Though  nothing  can  be  known  directly  of  the  Ordovician 
system  beneath  the  sea,  it  is  important,  in  the  conception  of  the  system 
as  a  whole,  to  remember  that  it  probably  underlies  most  of  the  ocean, 
as  well  as  many  of  the  younger  formations  of  the  land,  and  that  its 
exposed  margin  is  but  a  trivial  fraction  of  its  total  area. 

Sectiojis  of  the  Ordovician. 

Hew  York  section. — The  strata  of  the  Ordovician,  like  those  of 
every  other  system,  are  divisible  into  series  and  formations,  both  on 
lithological  and  paleontological  grounds.  In  North  America  the  for- 
mations were  first  studied  systematically  in  New  York,  and  the  New 
York  section  remains  in  some  measure  the  standard  to  which  others 
are  referred.  On  the  basis  of  variations  in  the  formations  themselves 
and  in  the  fossils  which  they  contain,  the  system  in  New  York  was 
earlv  divided  into  five  formations.  Numbered  in  the  order  of  their 
sequence,  these  subdivisions  are  as  follows: 


Ordovician  8\'8tein , 


5.  Hudson  River  formation 

4.  Utica  formation 

3.  Trenton  formation 

2.  Chazy  formation 

1.  CalciferouB  formation 
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Most  of  the  above  names  are  derived  from  localities  wb 
rocks  representing  the  several  epochs  are  exposed.  It  is  not 
understood  that  these  epochs  were  of  equal  duration,  or  that  t 
responding  formations  are  equally  thick  or  equally  distinct.  T 
two  formations  have  sometimes  been  grouped  under  the  name 
dian,  and  the  last  three  under  the  name  Trenton,  though  this  gi 
has  little  significance. 

Recently  it  has  been  proposed  ^  to  substitute  the  following  ch 
tion  for  that  hitherto  in  use: 


Q    rs««;T.T,«*;«r.  ^'v..^  f  Richmond  beds  '  (Ohio  and  ] 

nK        f -^  ^  •  Lorraine  beds 

Champlainic)  1  ^^^^^  ^y^^^ 


Champlainic  *  (Lower 
Silurian  or  Ordovi-  * 
cian) 


2.  Mohawkian  (Meso-. 
Champlainic) 


Trenton  limestone 
Black  River  limestone 
Lowville  limestone 


1.  Canadian     (Paleo-  /  Chazy  limestone 
Champlainic)  \  Beekmantown  limestone 


With  reference  to  this  classification,  it  may  be  said  that  then 
no  adequate  reason  for  supplanting  the  term  Ordovician.  Tl 
division  of  the  system  into  three  main  series,  a  lower,  a  midd 
an  upper,  is  certainly  to  be  commended  on  the  basis  of  conve 
So  much  of  the  classification  is  applicable  universally.  The 
visions  in  the  right-hand  column  above  are  based  on  the  detaile 
of  recent  years,  and  must  be  accepted  as  best  expressing  present 
edge  of  the  system  in  New  York.  The  relations  of  the  old  a 
new  classifications  to  each  other  are  evident  on  inspection. 

Perhaps  the  following  may  be  accepted  for  the  present  as  th 
satisfactory  compromise : 


Ordovician 


Upper  Ordovician 
(or  Cincinnatian) 


Middle  Ordovician 
(or  Mohawkian) 


'  Richmond  beds  (Ohio  and  Indiana^ 
Lorraine  beds 
.  Utica  shales 

'  Trenton  limestone 
Black  River  limestone 
Lowville  limestone 


Lower  Ordovician    f  Chazy  limestone 
(or  Canadian)        \  Beekmantown  limestone  (=Calcifer< 

*  Cnark  and  Schuchert.  Science,  \o\.  X,  1899,  p.  876;  and  Am.  Geol,  Vo 
1900,  p.   118. 

^  The  tenn  Champlainic  was  proposed  by  Hall,  Vanuxem,  Mather,  and  E 
in  1842,  to   include  what  is  now  known  as  Ordovician  and  the  Potsdam. 

'  Winchell  and  llrich,  Geol.  of  Minn.,  Vol.  Ill,  Pt.  2,  p.  ciii;  and  Nick! 
Geol.  Vol.  XXXII,  p.  202. 


THB  ORDOVICIAN  PERIOD. 


311 


The  above  subdivisions  of  the  system  indicate  that  successive 
epochs  of  longer  or  shorter  duration  gave  rise  to  recognizable  differ- 
nices  in  sedimentation,  and  that  these  differences  in  sedunentation 
vere  accompanied  by  faunal  changes,  usually  not  profoimd.  The  gen- 
ffal  conformity  between  the  several  formations  of  the  system,  and 
th?  conformity  oi  the  lowest  with  the  Cambrian,  shoivs  that  great  geo- 
pnphic  changes  did  not  affect  the  region  of  New  York  while  the  Ordo- 
vician  strata  were  in  process  of  deposition.     Locally,  beds  corresponding 


to  the  Chazj-  are  wanting,  but  even  in  such  areas  there  is  only  a  mod- 
erate unconformity  between  the  Beekmantown  formation  and  the 
Middle  Ordovieian  series.  The  land  surface  of  the  Chazy  epocli,  where 
there  was  land,  seems  therefore  to  have  been  low  and  subject  to  little 


The  lowest  fonnatioD  in  New  York  (the  Calcifcroua  or  Beckmantomi)  U 
an  impure  liroeatone,  or  sometimes  a  cak'iferous  sandstone.  During  its  depo- 
dtion,  the  general  relations  of  land  and  sea  remained  much  as  in  the  late  Cam- 
brian. After  it  had  attained  a  thickness  of  a  few  hundred  feet,  change  of  rela- 
Uons  affected  much  of  the  Appalachian  trough,  converting  into  land  considerable 
anas  which  had  been  submerged.  After  these  disturbances  had  taken  place, 
Ihe  only  part  of  New  York  luiown  to  have  remained  under  water  is  an  area  in 
the  extreme  northeastern  part  of  the  state,  to  which  a  Isay  from  the  Atlantic 
naciied.     In  this  bay  the  sediments  of  the  Chazy  formation  were  deposited. 
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The  life  of  the  bay,  as  shown  by  the  fossils,  was  somewhat  unUke 
had  inhabited  the  same  region  during  the  preceding  epoch.  Both  in 
basin,  and  in  a  long  narrow  channel  to  the  east  (the  Levis  channel, 
from  Newfoundland  to  near  Albany)  the  fauna  of  thia  epoch  had  m< 
to  that  of  Europe  than  to  that  which  lived  at  the  same  time  in  the 
basin.'  After  the  Chazy  limestone  had  attained  a  thickness  of  sevei 
feet,  the  Chazy  basin  appears  to  have  been  druned,  and  at  about  the 
the  sea  again  invaded  New  York,  entering  from  the  south  and  wet 
deposition  of  limestone  (the  Middle  Ordovician)  was  resumed  on  1 
which  had  for  a  time  been  land.  The  fossils  of  the  new  formation 
those  of  the  formation  on  which  it  rests.  Later,  the  deposition  o{ 
gave  place  to  the  deposition  of  mud  (Utlca  shale).     During  this  epoch. 


H^H 

■^■p^' 

3f 

iir^  ^- 

^ 

^ 

was  figain  made  between  the  Atlantic  and  the  eastern  interior  sea 
the  (St.  LflWTence  valley,'  as  shoivn  by  the  migration  of  animals  from 
body  of  water  to  the  latter.  After  the  Utica  formation  had  reachi 
ness  varying  from  a  few  feet  in  some  places  to  a  few  hundred  feet  in  ot 
buried  beneath  other  sediments  (the  Hudson  River  or  Lorraine  form 
taming  the  relics  of  a  somewhat  different  fauna.  The  successive 
faunas  probably  indicate  changes  in  the  geographic  conditions  ot 
though  their  character  and  extent  are  not  definitely  known.  With 
tion  of  the  changes  noted  above,  the  Ordovician  seems  to  have  bei 
region,  a  period  of  general  quiet,  though  oscillations  of  relative  \e\ 
land  and  sea  doubtless  took  place  more  than  once  during  its  progre 

'  Vlrich  and  Schuchcrt,  N.  Y.  Stale  Museum,  Bull,  52,  pp.  631 
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Sontbem  Wisconsla  section.— It  is  not  to  fce  understood  that  the 
Mine  subdivisions  hold  for  the  Ordovician  s\-stem  in  all  regions,  and 
e^en  if  the  same  number  of  subdivisions  is  made  elsewhere,  it  does 
not  follow  that  they  are  equivalent,  severally,  to  those  of  New  York. 


Fn.  132. — ExpoeuTe  of  the  Utica  shale.     IJhifl  at  \'aii  Tine's,  on  titc  west  xhore  ot 
Grand  Isle,  Lake  Cliamplain.     (I^rry.) 

In  \\'i8coDffln,  Iowa,  and  Minnesota,  for  example,  the  formations  com- 
monly rccf^ized,  numbered  in  the  order  of  their  deposition,  are  as 
follows : 

I'pper  Ordovician .i.   Hudson  River  (Cinciniiali)  shale. 

,,-jj,    ,>.  f  4.  (lalena  limextone. 

M«ldle  Ordovician (3    ^^„,^„  limestone. 

I—      n_i      „i  „  f2.  S(.  Peters  sandstone 

Law.r  OrdoMCian |  ,    j  _^^.^^  Mufjnesian  limestone. 

\\TiiIe  there  is  here,  as  in  New  "i'ork  according  to  the  older  classi- 
fication, a  fivefold  division  of  the  system,  it  is  not  certain  that 
any  formation  of  Wisconsin  is  the  exact  e«|uivalont  of  the  formition 
which  occupies  the  corresponding  position  in  the  New  York  sect- 
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stone  or  dolomite  beds  (Knox,  Chickamauga,  Moccasin,  etc.),  t 
not  distinctly  marked  off  from  the  Cambrian  below,  is  folio 
series  of  clastic  beds  (Sevier  shale.  Bays  sandstone,  etc.)-^ 
'  limestone  (the  Moccasin)  of  one  area  is  thought  to  be  the  e 
of  the  sandstone  (the  Tellico)  of  another  but  a  few  miles  av 
exact  relations  of  these  formations  to  those  of  the  northwest 
been  determined.  If  the  upper  part  of  the  Knox  dolomite  is  tl 
lent  of  the  oldest  Ordovician  formation  of  the  Upper  Mississij 
it  would  simply  mean  that  when  the  conditions  of  sedimentatio 
in  the  latter  region  so  as  to  stop  the  formation  of  limestone  ( 
Magnesian)  and  to  give  rise  to  the  deposition  of  sand  (the  S 
they  did  not  change  correspondingly  in  Tennessee,  where 
sition  of  limestone  continued.  Two  formations  (lithologii 
sidered)  in  one  locality,  may  well  be  the  equivalent  of  one  i 
locality.  Could  the  strata  of  Wisconsin  be  traced  imintern 
Tennessee  the  relations  might  be  determined,  but  since 
between  these  localities  are  chiefly  concealed,  the  relations  ( 
mations  in  the  two  localities  must  remain  unknown,  excepi 
as  the  fossils  may  reveal  them. 

It  seems  not  improbable  that  the  change  from  calcareous 
sedimentation  in  the  southern  Appalachian  region  took  ph 
end  of  the  Middle  Ordovician  time.  In  the  early  part  of 
vician,  when  similar  changes  occurred  elsewhere,  a  bay  open 
ward  to  the  ocean  is  thought  to  have  occupied  the  south  ( 
Appalachian  synclinorium,  and  to  have  been  shut  off  from  t 
sea.  For  this  region  a  two-fold  division  of  the  system,  a 
an  upper,  seems  quite  as  appropriate  as  a  three-fold  divi 
subdivisions  of  the  system  are  different  in  other  parts  of  easter; 
and  different  names  are  applied  to  them. 

In  central  Tennessee,  the  Ordovician  is  made  up  chiefl 
stone  which  is  sometimes  phosphatic.  There  are  here  seve 
formities  in  the  system,  indicating  that  shallow  water  and 
ditions  alternated.^ 

The  following  sections  in  the  Appalachian  province,  g: 
Ordovician  and  Silurian  formations,  supplement  those  of  the 

»  The  subdivisions  here  mentioned  are  those  of  the  Maynardville, 

U.  S.  Geol.  Surv. 

» Hayes  and  Ulrich,  Columbia,  Tenn.,  folio,  U.  S.  Geol.  Surv. 
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Section  in  New  Jersey.* 


Names  of  Formation. 


I 


'  Manlius  limestone .... 
Rondout  limestone.  . . 
Decker    Feny    forma- 
tion    (C  o  b  1  e  s  k  i  1 1 
limestone) 


Bossardville  limestone. 
Poxino  Island  shale. .  . 

Medina  sandstone 

Shawangunk   con- 
glomerate  


i 


'^  \ 

o 

o 


'  Probable  unconformitv 
Hudson  River  slates. . 
Trenton  limestone 


Unconformity. 

Kittatinny     limestone 

(mainly  Cambrian). 


Thickness 
in  Feet. 


35 
39 


52 

100 
? 

2305 

1500-1600 


1165 
135-150 


2700-3000 


Characteristics. 


Thin-bedded,  knotty,  dark-colorec 
Earthy  and  calcareous  shales  and 


Sandstones  with  calcareous  bands 
stones  with  shaly  bands. 

Fine-grained,  compact,  bluish-gra; 

Buff    or    greenish,    calcareous; 
bedded;  layers  thin. 

Soft  red,  somewhat  shaly  sandstoi 

Coarse  quartz  conglomerate;  pc 
ally  white  or  yellowish,  with  g 
matrix 

Shales,  slates,  and  some  sandstone 
Limestone,  often  conglomeratic  a 
shaly  above. 


Dolomitic;    at  one  locality  the 
formation  contains  Ordovician  f* 


Section  in  Western  Maryland.' 


Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

Salina    

Sandstones,  shales,  and  limestones 

Niaeara 

700 
300 

550-600 

250-300 
550 

Sandstones    predominate  in  lowei 

stones  in  upper  portions. 
Limestones  with  shale  partings; 

• 

Clinton 

stone  beds  near  the  top;  shales  p 
over  limestone  at  the  top. 
Thin  reddish  and  greenish-yellow  i 

Tuscarora 

sandstone  beds,  and  in  the  upper 
thin  beds  of  limestone. 
Snow-white  to  light-gray  quartzite, 

Juniata 

cross-bedded. 
Dull-red  sandstones  and  shales,  i 

k 

irregularly;  shales  predominate. 

*  Waller,  Geol.  Surv.  of    New  Jersey,  Report  on  Paleontology  Vol.  Ill 

15-80. 

2  Prosser,  Jour,  of  Geol.,  Vol.  IX,  pp.  410-415, 
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The  above  section  is  for  Allegany  CJounty.    In  Washington  CJounty, 
lower  formations  are  exposed  as  follows :  ^ 


«-  '  Martinsburg 

700-1000 
2500 

Black  and  gray  calcareous  and  argillaceous 
shales,  fine-grained  and  uniform. 

Blue  and  gray  limestones  and  dolomites,  with 
some  slates  and  argillaceous  shales. 

±  I  Shenandoah 

J  '      (The  lowest  part  of 
e        this    formation  is 
C  [     Cambrian.)  ' 

Strata  much  folded. 


Section  in  Eastern  Kentucky.' 


Names  cl  Formations. 


c 
X 


(The  upper  part  of  this 
formation  is  Devo- 
nian) 

Panola  formation 

Unoonfoimity. 
f  Richmond  formation. . 


c 


•HI 


Garrard  sandstone.  .  . . 
Winchester  limestone. 

Flanagan  chert 


Lexington  limestone . . 
Highbridge  limestone. 


Thickness 
in  Feet. 


1-70 

300 

70-100 
200-230 

0-40 

140-160 
190  + 


Characteristics. 


Brown  siliceous  limestone  at  the  base;  light 
blue  clay-shale  and  coarse  yellow  sandstone; 
brown  hmestone,  frequently  cherty. 


Blue  calcareous  shale,  with  thin  beds  of  lime- 
stone. 

Brown,  calcareous. 

Thin-bedded,  blue,  crystalline,  with  bands  of 
calcareous  shale. 

Thin-bedded,  gray  limestone  and  calcareous 
shale;  nodules  and  bands  of  chert. 

Thin-bedded,  gray;  nodules  of  chert  at  base. 

White  limestone  grading  downward  into  gray 
limestone  and  calcareous  shale. 


Strata  nearly  horizontal. 

Sections  in  the  interior. — In  the  interior  the  sections  are  likewise 
variable.^  The  sections  of  the  Ordovician,  in  the  general  sections 
given  in  the  Appendix,  give  some  idea  of  the  range  of  the  system 
in  this  region.    To  these  may  be  added  the  following: 


» dark,  ^iaryland  Geol.  Surv.,  Vol.  I,  pp.  179,  180. 

'  Campbell,  Richmond  (Ky.)  folio,  U.  S.  Geol.  Surv.  All  the  formations  of  this 
flection  are  classed  as  Silurian  in  the  folios. 

'  The  foUowing  folios  give  detailed  sections  of  the  exposed  Ordovician  between 
the  Appalachians  and  the  Rockies:  London  and  Richmond,  Ky.;  Columbia,  McMimu 
ville,  PikeviDe,  Sewanee,  and  Standing  Stone,  Tenn.;  Atoka,  I.  T.  See  also  state 
reports  of  New  York,  Ohio,  Indiana,  Michigan,  Illinois,  Wisconsin,  Minnesota,  Iowa, 
Missouri,  Kentucky,  Tennessee,  and  Aricansas.  For  areas  north  of  the  United  States, 
see  the  geological  reports  of  Canada. 
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Section  in  Southeastern  Minnesota. 


Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

c     Devonian 

03 

■  Unconformity. 

^  - 

Niagara(?)  limestone. . 

100-150 

Light  -  colored    crystalline    limest< 

m 

k 

porous. 

Unconformity. 

• 

[  Maquoketa  shales .... 

75-100 

Shales;  some  sand,  finely  bedded. 

c 

03 

( =  Hudson  River) 

Galena  limestone 

75-100 

Bluish   or  grayish,   evenly  bedde< 

>  1 

o 

from    compact    to    vesicular; 

'E 

arenaceous  and  often  dolomitic. 

o 

Trenton  limestone. .  .  . 

160 

Light  blue  or  gray;  non-dolomitic. 
Wnite  and  friable. 

r  St.  Peter's  sandstone. . 

122 

Shakopee  limestone. . . 

75 

Irregularly  bedded,  cherty;  concret 
brecciated  layers;  heavy -bedded 

shaly  layers. 

c 

New  Richmond  sand- 

1 

stone 

25-40 

Coarse  quartzose  sandstone,  somel 

^ , 

Lower    Magnesian 

herent;  sometimes  cemented. 

o 

limestone 

200 

Yellowish,  dirty-appearing  limestoi 
bedded  below;  tnin-bedded  abo 

arenaceous. 

St.  Croix  (  =  Potsdam 

sandstone) 

Section  in  Central  Texas.' 


Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

irian 

id 

vician 

I^nconformity. 
San  Saba.  .  ...... 

Leon 

315± 
440  + 

Dolomites  and  chert. 

Sandy  shaly  dolomite;  siliceous 

limestone ;     brown     dolomite 

marble. 

Sill 

ai 

Ordo 

Strata  nearly  horizontal.     The  equivalent  of  the  Niagara  is  apparem 
Thicknesses  given  are  incomplete. 

In   Arkansas   the   system,   though   largely  of   limestone, 
thick  beds  of  novaculite,^  a  fine  pure  siliceous  sandstone,  fro 
whetstones  are  made.      In  the  southwest,  the  Ordovician  and 

'  Winchell,  Geol.  and  Nat.  Hist.  Surv.  of  Minn.,  Vol.  I,  1872-82,  p.  280, 
Revised  to  agree  with  nomenclature  of  frontispiece  of  Vol.  VI,  atlas  1900-! 
and  Nat.  Hist.  Sur\\  of  Minn.     The  Shakopee,  New  Richmond,  and  Lower 
formations  of  Minnesota  corresp>ond  to  the  Oneota  of  Iowa,  and  to  the  L 
nesian  of  Wisconsin. 

^  Dumble,  Geol.  Surv.  of  Texas,  1st  Ann.  Rept.  PI.  III. 

8  Griswold,  Ark.  Geol.  Surv.  Ann.  Rept.   1890,  Vol.  III. 
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seem  not  to  be  well  diff^entiated.  This  is  indicated  by  the  sections 
of  Texas  ^  and  Indian  Territory .^ 

General  conditions  in  the  eastern  part  of  the  continent. — It  is  worthy 
of  note  that  in  mid-Ordovician  time,  limestone  was  forming  over  a 
\-ery  \inde  area  in  the  eastern  part  of  North  America,  namely,  from 
New  England  on  the  east  to  Georgian  Bay  on  the  northwest,  Indian 
Territorj'  and  Texas  on  the  southwest,  and  Alabama  on  the  south. 
Limestone  appears  to  have  been  forming  in  the  Great  Basin  region 
of  the  west  at  the  same  time.  At  no  previous  epoch  in  geological 
histor}%  so  far  as  now  known,  was  there  anything  like  so  wide-spread 
deposition  of  limestone  within  the  limits  of  North  America.  This 
is  to  be  accoimted  for  by  the  fact  that  the  sea  occupied  a  large  part 
of  the  continent,  that  such  lands  as  existed  were  low,  and  that  drain- 
age from  them  brought  little  sediment  to  the  sea.  Meanwhile  the 
forms  of  life  which  secrete  lime  carbonate  were  depositing  their  shells 
widely  over  the  bottom  of  the  interior  epicontinental  sea. 

It  is  perhaps  equally  worthy  of  note  that  in  the  latter  part  of  this 
period  mud  (now  shale)  was  deposited  over  an  almost  equally  exten- 
sive area  extending  from  New  York  southwest  to  Alabama  and  north- 
west to  Manitoba  and  beyond. 

The  inauguration  of  the  epoch  of  clastic  sedimentation  may  have 
been  brought  about  by  movements  which  increased  the  capacity  of 
the  ocean  basins,  thereby  drawing  off  the  waters,  attended  by  gentle 
warpings  which  resulted,  among  other  changes,  in  the  uplift  of  an  area 
about  Cincinnati  ^  (the  Cincinnati  arch)  and  the  closing  of  the  southern 
outlet  of  the  bay  which  occupied  the  south  end  of  the  Appalachian 
synclinorium.  It  appears  to  have  been  about  the  same  time  (Utica 
epoch)  that  subsidence  to  the  northeast  reestablished  connection 
between  the  Atlantic  and  the  interior  sea  by  way  of  the  St.  LawTence 
valley.  It  seems  not  unreasonable  that  these  geographic  changes 
should  have  been  attended  by  an  increase  in  clastic  sedimentation. 
The  i^nde-spread  late  Ordovician  shale  formation  may  mean  either 
that  the  land  areas  were  so  far  elevated  as  to  allow  the  streams  to 

'  GeoL  Sur\'.  of  Texas,  Second  Ann.  Rept.,  p.  565. 

'Taff,  Atoka  (L  T.)  folio,  U.  S.  Geol.  Surv. 

*  tlrich  and  Schuchert,  op.  cit.  p.  645.  The  time  of  the  origin  of  the  Cincinnati 
arch  has  never  been  fixed  with  certainty.  Hayes  and  Ulrich  place  its  inception  still 
earlier  in  the  Ordovician.  See  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv.  The  region 
Was  probably  subject  to  disturbances  at  various  times. 


322  GEOLOGY. 

carry  a  larger  body  of  sediment  to  the  sea,  or  that  conditioi 
the  transportation  of  the  mud  farther  from  the  shores  than 
The  fineness  of  the  sediment  would  seem  to  indicate  that  th 
were  rather  sluggish,  though  locally  the  sediments  were  coan 
ciated  with  the  Upper  Ordovician  shales,  there  are  considera 
of  limestone  in  some  places,  and  of  sandstone  in  others. 

It  is  perhaps  worthy  of  note  that  all  the  Ordovician  f 
of  the  interior  and  the  east,  unless  it  be  the  oldest,  bear  wit 
selves  distinct  evidence  of  shallow  water  origin,  and  even  the 
formation  contains  no  evidence  that  it  was  laid  down  in  de 
Its  paucity  of  fossils  has  led  to  the  conjecture  that  its  mat 
have  been  largely  precipitated  from  solution. 

Western  sections. — In  the  Great  Plains,  the  Ordovicia 
appears  at  the  surface  but  rarely,  though  it  probably  imd 
yoimger  formations.  West  of  the  Great  Plains,  the  Ordov 
tions,  so  far  as  now  known,  are  simpler  than  in  the  interior  o: 
In  some  places  the  whole  system  seems  to  be  represented  I 
of  a  single  formation  of  limestone.  Thus  in  Nevada^  a  pa 
Pogonip  formation  seems  to  be  the  only  representative  of  tl 
Limestone  was  probably  in  process  of  formation  in  other  pa] 
Great  Basin  and  in  western  Colorado  ^  at  the  same  time 
Rockies  sand  was  the  principal  deposit  in  some  places  ^  and 
in  others.^  The  sections  of  the  Ordovician  in  the  Appendix 
give  some  conception  of  its  range  in  the  west.^ 

Igneous  rocks. — Igneous  rocks  of  Ordovician  age  attain  litl 
tance  in  North  America.  Their  general  absence  is  in  harmony 
general  quiet  which  characterized  the  period.  Igneous  rocks  < 
extent,  which  may  date  from  the  close  of  the  Ordovician,  i 
at  a  few  places  in  New  York  (notably  Cortland  Coimty). 

General  Conditions  and  Relations  of  the  Ordovician 

Position  of  beds. — It  has  already  been  indicated  that  t 
vician  rocks  are  in  general   conformable  on  the  Cambrian,  i 

*  King,  Geology  of  the  40th  Parallel,  Vol.  I.  For  notes  on  the  fonnatiom 
south  of  the  40th  Parallel,  see  Spurr,  Bull.  208,  U.  S.  Geol.  Surv. 

^  Anthracite-Crested  Butte  and  Ten  Mile  (Colo.)  folios,  U.  S.  Geol.  Si 
'  Pike's  Peak  (Colo.)  folio,  U.  S.  Geol.  Surv. 

*  Absaroka  and  Yellowstone  National  Park  (Wyo.)  folios,  U.  S.  Geol. 

*  In  addition  to  reports  and  folios  already  mentioned,  the  Ordovician 
system  is  shown  on  the  Lassens  Peak  (Cal.)  folio,  U.  S.  Geol.  Surv. 
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the  principles  which  have  heretofore  been  set  forth,  it  is  c 
they  must  rest  unconformably  on  formations  older  than  the  C 
where  such  formations  constitute  their  substratum. 

As  originally  deposited,  the  Ordovician  beds  probabb 
away  from  such  lands  as  then  existed.  Thus  on  the  soutl 
the  land  of  northern  Wisconsin  (Fig.  136),  the  Ordovician  g 
must  have  dipped  slightly  to  the  south,  and  on  the  east  and  w 
to  the  east  and  west  respectively.  The  same  relations  m 
held  originally  about  the  Adirondacks,  and  about  every  ot 
area  from  the  borders  of  which  the  sea-bottom  declined.  0 
areas  in  the  interior,^  this  original  and  simple  plan  of  stn 
has  been  but  little  modified. 

In  other  regions,  deformation  of  the  strata  subsequent 
deposition  has  completely  changed  their  position.  Thus  in  tl 
lachian  mountains,  where  the  sediments  were  derived  princip 
the  land  to  the  east,  and  where  the  beds  doubtless  had  a  s 
to  the  west  at  the  time  of  their  deposition,  they  now  dip  ii 
directions  and  at  various  angles,  some  of  them  being  nearly 
Faulting  has  complicated  their  relations  still  further  (Figs.  ] 
and  139)  .2  The  same  is  true  of  the  formations  of  the  syst^ 
the  eastern  border  of  New  York  and  the  western  borders  of  t' 
adjacent  on  the  east.^  The  strata  are  in  similar  positions 
parts  of  Arkansas^  (Fig.  140),  Indian  Territory,^  Oklahoma 
various  mountain  ranges  of  the  Cordilleran  system.^  Even  v^ 
beds  are  not  folded,  they  arc  sometimes  affected  by  faulting. 

Present  condition  of  the  formations. — Aside  from  the  ch 
position  which  the  Ordovician  beds  have  suffered,  as  noted  a 
sediments  as  originally  deposited  have  undergone  more  or  lej 
tion.  In  some  cases  the  change  has  been  slight,  and  in  othe 
Many  of  the  beds  of  sand  and  mud  have  been  simply  compa 
cemonted;    indeed  the  greater  part  of  the  Ordovician  sands 

'  Sec  footnote,  p.  319. 

'  P^or  references,  see  p.  315. 

*  Walcott,  The  Taconic  system  of  Emmons,  -etc.,  Am.  Jour.  Sci.,  Vo 
1888.     Also  Merrill,   New  York  (^ity  folio.  U.  S.  Geol.  Surv. 

*  Geological  Reports  of  Arkansas,  especially  reports  of  1890,  Vols.  I 
and  IV  (Hopkins). 

*8ee  references  on  p.  319. 

*  See  references  on  p.  318. 
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in  the  condition  of  sandstone,  and  the  greater  part  of  the  mu 
condition  of  shale,  and  most  of  the  limestone  is  still  essentia 
metamorphic.  This  is  true  over  the  great  interior,  but  where 
action  has  been  great,  and  where  the  original  position  of  th 
has  been  greatly  changed,  the  changes  in  the  rock  have  also  bee: 
Thus  in  the  Taconic  moimtains  of  New  York,  Vermont,  and  M 
setts,  the  limestone  is  mainly  in  the  condition  of  marble,  tl 
stone  and  quartzite  have  been  largely  changed  to  quartz  scl 


/ 


^k>»ii^v^ 


Fig.  140. — Section  showing  the  position  and  relations  of  the  Ordovician  be 
mountains  of  Arkansas.  Length  of  section,  about  li  miles.  (Penn 
Geol.  Surv'.) 

the  shales  to  slate  and  schist.  The  same  is  true  in  some  oth( 
of  New  England,  and  at  various  points  in  the  Appalachian 
of  New  York. 

Exposure  of  the  Ordovician  rocks. — Theoretically,  the  Ore 
rocks,  like  those  of  other  systems,  may  be  found  at  the  surface 
they  were  never  buried,  and  where  any  cover  they  once  p< 
has  been  worn  away.  The  areas  where  they  have  never  been 
fall  into  two  categories:  First,  the  elevation  of  a  land-mass 
which  Ordovician  sediments  had  gathered  would  have  given  tl 

»  See  New  York  City  (N.  Y.),  Holyoke  (Mass. -Conn.),  and  Hawley  (Mass 
U.  S.  Geol.  Surv. 
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composed  of  pre-Ordovician  formations  a  border  covered  by  Ordo- 
vidan  sedmuDts,  which  might  never  have  been  submerged  and  buried 
(see  Fig.  141);   and  second,  any  part  of  the  Ordovician  sea^bottom 


Fia.  l-tl. — Diogmm  iUuatrating  the  exposure  of  Ordovician  beds  about  a  c«nter  of 
older  rock.  The  diagtam  lUustrateB  expoeuie  of  the  Ordovidau  beds  by  emer- 
pDce  aifter  the  Ordtn-jdan  period. 

distant  from  preExistent  land  might  have  been  raised  to  the  estate 
of  land  at  the  close  of  the  Ordovician  period.  If  never  covered  by 
younger  beds,  it  would  belong  in  the  category  here  specified  (Fig.  142). 


Fig.  142. — Diagram   illustrating   the  exposure  of  Ordoiician  beds  in  a  region  wher* 
older  formaticms  do  not  appear  at  the  surface.     The  exposure  results  from  emer- 

The  situations  where  the  exposed  Ordovician  strata  were  once 
covered,  but  subsequently  laid  bare  by  the  removal  of  the  overlying 
beds,  likewise  fall  into  two  categories  corresponding  in  some  sense 
to  those  just  mentioned.  About  the  land  areas  of  the  Ordovician 
period,  the  wafer  was  presumably  shallow,  and  here  a  given  amount  of 
lowering  of  the  sea-surface  relative  to  land  would  be  more  likely  than 


Fig.  143. — Diagram  illustrating  the  exposure  of  Otdo\ician  beds  in  an  area  where 
thev  were  once  concealed  by  younger  bods,  5,  in  a  r^on  where  the  younger  beds 
are  grouped  about  a  center  of  older  rock. 

elsewhere  to  bring  the  beds  covering  the  Ordovician  into  such  a  posi- 
tion as  to  permit  of  their  removal.    This  is  illustrated  by  Fig.  143, 


w&irii  rfpnatnts  ^x  SZarist  «<iaUL  5.  as  once  fu%«iiig  tb 
Ticisa.  O:  bet  ibt  tvbxftsI  ot  Hat  fcnaer  las  exposed  the  Imtter. 
if  aiST  port  cf  the  s^-bjCtGcn  not  immeiifift^y  akssociated  witl 
existiD^  IsDii  &iitt  w^re  Erad  abcnre  its  ^miumMfinggw  not  at  i 
«/  the  Ordrrrimn.  bat  at  sffoe  bter  time,  the  iqipemiost  strat 
be  in  a  pcstioa  fayorable  for  refDcmL  With  their  removal,  it 
Tieian  fc^d?  iKneath  voolii  be  (Escovered  'see  Fi^  144'«.  In  tl 
Hhstrat^  by  F^.  141  and  143,  the  Ordcnririan  oulerops  would 
aromki  or  agaizkst  the  outcrofA^  of  dder  formatiQiis;  in  the  case 
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sented  by  Figs.  142  and  144,  the  Ordovician  system  would  itseli 
center  about  which  yoimger  beds  outcrop. 

The  map  (Fig.  129)  shows  the  principal  areas  where  the  Ore 
strata  appear  at  the  surface,  and  the  relations  of  their  outc 
pre-OrdoWcian  lands  (compare  Figs.  38  and  95).  From  this  m: 
seen  that  outcrops  of  Ordo\dcian  are  foimd  along  the  western 
of  Appalachia ;  in  Wisconsin,  South  Dakota,  Missouri,  Texas,  and 
States  farther  west,  and  also  at  many  points  north  of  the 
States.  In  most  of  these  situations  the  outcrops  of  the  Ore 
are  adjacent  to  exposures  of  Cambrian  or  pre-Cambrian  fom 
WTiere  the  outcrops  of  the  Ordovician  strata  are  next  a  pi 
brian  formation,  rather  than  next  the  Cambrian,  it  means  tl 
margin  of  the  Ordovician  sea  extended  landward  farther  tl 
Cambrian  for  that  locality,  and  the  deposits  of  the  later  period 
over  and  buried  those  of  the  earlier.  In  the  vicinity  of  Cin< 
in  Ohio,  and  adjacent  States,  the  Ordovician  strata  appear 
surface  in  an  area  where  older  formations  are  not  seen.  Tl 
tions  are  sho\vn  by  Fig.   145. 

If  the  attempt  l)e  made  to  refer  the  individual  outcrops 
Ordovician  strata  to  one  of  the  categories  already  mentionec 
culty  is  at  once  encountered,  for  it  is  not  always  possible  to  a 
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SSO  GEOLOGY. 

far  their  exposure  is  due  to  the  subsequent  removal  of  beds 
once  overlay  them.     It  is  barely  possible  that  in  the  Taconic 
of  western  New  England  and  eastern  New  York,  Ordovician  b 
exposed  which  were  never  covered,  except  by  glacial  drift, 
portions  of  the  exposed  Ordovician  in  New  York,  Wisconsin,  an 
States  may  possibly  never  have  been  biu-ied  beneath  marine  ( 
of  later  age,  though  this  can  hardly  be  affirmed.    It  was  f 
thought  that  the  Ordovician  beds  of  southwestern  Ohio  and  a 
parts  of  Indiana  and  Kentucky  were  arched  up  at  the  close 
Ordovician  to  such  an  extent  as  to  give  rise  to  an  island  wh 
never  afterward  covered  by  the  sea;  but  it  now  appears  that  t 
emergence  of  the  ''arch''  occurred  at  a  later  time.    The  e: 
exposure  of  the  Ordovician  formations  in  this  region  was  t 
probably  brought  about  by  the  removal  of  the  younger  bed 
once  overlay  them  (Fig.  145).    The  same  is  true  of  the  Ordovic 
crops  in  central  Tennessee  (Fig.  146).    In  the  Appalachian 
the  exposures  of  the  Ordovician  beds  are  almost  wholly  due 
removal  of  the  strata  which  once  overlay  them.    The  outcroj 
the  Ouachita  uplift  in  Arkansas,  and  most  of  those  farther  wej 
ably  fall  into  the  same  category. 

The  Ordovician  formations  are  wanting  in  some  region 
their  presence  might  have  been  expected.  Thus  in  the  Bla< 
of  South  Dakota,  where,  it  will  be  remembered,  there  is  an 
Proterozoic  rock  surrounded  by  a  border  of  Cambrian,  Or 
strata  are  known  to  be  exposed  at  but  few  points.  Thee 
there  might  have  been  a  belt  of  Ordovician  rocks  surrounc 
Cambrian,  just  as  the  Cambrian  surrounds  the  core  of  old 
The  Ordovician  system  as  well  as  the  Upper  Cambrian  proba 
covered  the  Black  Hills  area.  Where  the  system  is  not  expose 
the  Cambrian,  the  Ordovician  strata  were  probably  removed  b; 
during  some  post-Ordovician  period  when  the  region  was  ab 
level.  When  the  region  was  again  submerged,  new  deposi 
ably  covered  all  the  Ordovician  strata  which  had  escaped  def 
(Fig.  147).  These  later  beds  have  been  removed  so  as  to 
the  Ordovician  at  but  few  points. 

Thickness. — From  what  has  been  said  it  is  easy  to  infer 
thickness  of  the  Ordovician  system  varies  greatly  (see  p.  i 

Appalachian  moimtains  it  is  to  be  measured  by  thousand 
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idiile  in  the  interior  it  is  to  be  measured  by  liundreds  instead  (see  sec- 
tions pp.  318-320).    In  "Wisconsin  and  Iowa,  where  the  system  seems  to 


be  full,  that  is,  where  sedimentation  seems  to  have  been  continuous 
from  the  beginning  of  the  period  to  its  end,  the  a^regate  thickness 
ie  somewhat  less  than  1000  feet. 

Width  and  portion  of  outcrops. — The  relation  between  the  thick- 
ness (rf  a  rock  system  and  the  width  of  the  belt  where  it  appears  at 
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Fia.  149. 


The  two  outcrops  should  appear  isi  opposite  adet>  of  the  axia  of  the  anticline. 
Fio.  H9. — Ground  [Jan  iUustrating  the  structure  shown  in  the  List  figure.    The 
Cambnan  syHt«in,  €,  ia  flanked  on  either  side  by  the  Ordoi-iaan  system,  0,  and 
this  in  turn  by  the  Silurian,  S,  Devonian,  i),  and  Carboniferous,  C.     The  figure 
also  shows  the  direction  of  the  dip  of  tlie  beds. 

the  surface  has  already  been  set  forth  in  connection  with  the  Cam- 
brian. The  same  principles  are  applicable  here.  In  the  interior, 
irtiere  the  sj'stem  is  relatively  thin,  it  sometimes  appears  at  the  sur- 
face in  relatively  wide  belts  or  areas  (Fig.  129),  while  in  the  eastern 
mountains,  where  it  is  thick,  it  appears  at  the  surface  in  a  succession 
of  narrow  and  parallel  belts. 


If  erosion  has  cut  o£f  a  fold  down  to  the  proper  level,  there  ; 
be,  on  either  limb  of  the  anticline  involving  the  Ordovician 
a  belt  where  that  system  appears  at  the  surface  (Figs.  148  and 
but  faults  have  in  some  cases  had  the  effect  of  concealing  thi 
which  might  otherwise  have  come  to  the  surface  on  one  or  bot) 
of  a  truncated  fold.    Thus  the  outcrops  shown  in  Fig.  150  would 
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Fia.  150.  Fig.   151. 

Fio.  150. — Ground-plan  diagram,  illustrating  the  failure  of  one  system  of 

to  appear  on  one  side  of  the  anticline. 
FiQ.  151. — Cross-section  showing  the  structure  illustrated  by  the  precedii 

On  one  side  of  the  airis  of  the  anticline,  €,  0,  S,  D,  and  C  appear  in  succe 

the  other  side,  0  does  not  appear. 

from  the  faulting  shown  in  Fig,  151.  Faulting  may  likewise  al 
outcrop  in  regions  where  the  strata  are  not  deformed,  but 
is  less  common  in  such  regions.  The  principle  involved  is  ill 
by  Fig.  152. 


Close  of  the  Ordovician  Period. 
The  close  of  the  Ordo\-ician  period  was  marked  by  ge 
changes  of  more  importance  than  those  which  took  place  at  ii 
ning  or  during  its  progress.  These  changes  were  the  result  of 
ativc  movements  whose  cause  is  not  fully  demonstrated,  bi 
may  perhaps  have  been  due  to  the  shrinking  of  the  earth,  i 
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the  sinking  of  the  ocean  bottoms  and  the  draining  off  of  the  epicon- 
tinental waters  to  a  large  extent,  attended  by  some  slight  deformation 
of  the  general  surface  of  the  continents  and  some  notable  flexure  of 
special  tracts.    The  withdrawal  of  the  waters  appears  to  have  con- 
verted extensive  stretches  of  Ordovician  epicontinental  sea-bottom 
into  land.    The  land  area  of  the  Lake  Superior  r^on  (Fig.  129;  was 
greatly  enlarged.    From  it  land  probably  extended,  ^-ia  Missouri,' 
?U5  far  south  as  Texas,  and  perhaps  beyond.    It  may  have  exten^kr^l 
as  far  west  as  the  Rocky  mountains,  and  east  to  the  Cincinnati  arch. 
If  this  be  true,  a  great  expanse  of  land,  the  surface  of  which  cmuthaf^l 
of  Ordovician  strata,  came  into  existence  at  this  time  in  the  ver>'  heart 
of  the  continent.    The  elevation  of  this  land  must  have  been  sli^rht, 
for  it  seems  to  have  suffered  httle  erosion  before  most  of  it  was  agair; 
submerged  and  covered  by  sediments  of  lesser  age.    It  Ls  indeed  i\u 
wide-spread  absence  of  the  lower  part  of  the  Siliuian  sj'stern   ^Uui 
Oswegan  series,   p.   370),   rather   than  pronounced  .stratigrapliic   un- 
conformity between  the  Ordovician  and  the  Silurian  of  the  interior, 
which  indicates  the  extensive  emergence  of  land  referred  to.    Tlw?rr: 
is,  however,  an  unconformity  between  the  Ordovician  and  Silurian 
s}-stems,  in  some  places,  as  in  lowa,^  Arkansas,^  and  Tennessf^e,^  and 
the  Devonian  or  later  beds  sometimes  rest  on  the  Ordovician,  with  no 
Silurian  between.    Throughout  much  of  the  western  part  of  the  con- 
tinent also,  the  land  seems  to  have  emerged  at  about  this  thne,  for 
the  Silurian  system  is  wanting  in  many  regions  where  the  Orrlovician 
is  present.* 

The  folding  movements  were  less  wide-spread.  The  most  coriffidrT- 
able  was  in  western  New  England  and  eastern  New  York,  in  the  n^gion 
of  the  Taconic  mountains.  Here  both  the  Cambrian  and  Ordovir-ian 
sj'Stems  were  thick,  and  at  this  time  they  were  folded  and  lift^^l  abovr; 
the  seas  beneath  which  they  had  accumulated.  Under  the  influence 
of  the  intense  dynamic  action  involved  in  the  folding,  the  rocks  were 

'  The  pre-Cambrian  area  of  Missouri  b  often  referred  to  as  an  island  at  thiH  t  if ni«. 
It  hajt  been  urged,  however, that  the  Cambrian, Ordovician, Devonian,  and  ( -arbfinifcr- 
ousbeds  once  overlay  it.  See  Keyes,  Science,  Vol  VII,  p.  388,  1898,  and  Bull.  GwiL 
Sec.  Am.,  VoL  XIII.  pp.  268-292. 

'  See  Silurian,  pp.  371-378. 

*  Williams,  Am.  Jour.  Sd.,  Vol.  48,  1894,  p.  325. 
«  Pp.  371-378. 

•  See  sections  of  Appendix^  "•'  '  "H. 
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xnetjunorphoeed,  and  the  eroded  remnants  of  the  folds  often  show 
a  complicated  structure  (Fig.  153).  The  orogenic  disturbance  may 
have  extended  south  of  New  England,  but  its  limit  in  this  direction 
is  undetermined. 

About  the  borders  of  the  mountain  region,  the  Upper  Ordovician 
shale  is  overlain  unconformably  by  rocks  of  Silurian  age,  showing  that 
the  period  of  upturning  and  metamorphism  followed  the  deposition  of 
the  youngest  of  the  Ordovician  formations,  and  preceded  the  depo- 
sition of  the  oldest  formation  which  overlies  the  metamorphosed  rocks 
unconformably.  Thus  the  date  of  the  upturning  is,  within  limits, 
determined.  The  Silurian  strata  which  overlie  the  Upper  Ordovician 
do  not  belong  to  the  first  epoch  of  the  period,  so  that  in  this  region, 
there  is  an  interval  imrepresented  by  sedimentarj'^  formations. 

The  formations  involved  in  the  Taconic  mountains  were  formerly 
known  as  the  Taconic  system.  Their  metamorphic  character  and 
complex  structiu^  long  prevented  their  proper  correlation.  Within 
recent  years  it  has  been  shown  that  the  series  includes  the  systems 
ooentioned  above.*  It  is  not  to  be  inferred  that  all  the  mountain- 
making  movements  which  have  afifected  western  New  England  occurred 
at  this  time.  Later  movements,  involving  younger  strata,  affected 
this  r^on,  as  will  be  noted  in  succeeding  pages. 

Between  folding  and  the  more  gentle  movements  there  are  all  degrees 
of  gradation,  and  there  were  areas  where  only  incipient  folding  or 
bowing  of  the  strata  took  place.  The  ''Cincinnati  arch"  and  the 
'•'  Nashville  (or  central  Tennessee)  dome  "  farther  south  have  already 
been  referred  to.  The  deformation  here  was  not  great,  but  it  appears 
to  have  been  prolonged,  and  to  have  begun  perhaps  as  early  as  the 
niid-Ordo\'ician  period.  From  this  time  on,  the  region  seems  to  have 
been  near  sea-level,  being  now  submerged  and  now  land.^ 

Recently  attention  has  been  directed  to  another  similar  arch  which 
mav  have  come  into  existence  at  about  the  same  time.  This  is  in 
Arkansas,^  Indian  Territory,  and  Oklahoma,  corresponding  in  position 
with  the  moimtain  system  commonly  known  as  the  Ouachita  uplift, 

*  Walcott,  Am,  Jour.  Sci.,  Vol.  35,  1888.     This  paper  gives  bibliography  (p.  30). 
'  Ha>'es  and  Ulrich,  Columbia  (Temi.)  folio,  U.  S.  Geol.  Surv'.;  also  Foerstc,  Geol. 

Soc.  of  Am,  VoL  XI,  p.  604,  and  Vol.  Xni,  p.  531,  Science,  New  Ser.  Vol.  X,  p.  488,  and 
24th  Ann.  Rept.,  Dept.  of  Geol.  and  Nat.  Hist.  Resources  of  Indiana,  1899. 

•  Branner,  Am.  Jour.  Sci.,  VoL  IV,  1897,  p.  357.    This  very  suggestive  article  has 
bearings  on  many  questions  besides  the  Ouachita  uplift. 
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of  which  it  was  perhaps  the  beginning.    It  has  not  been  demoi 
that  the  strata  of  this  region  were  deformed  at  this  time,  and 
were,  the  extent  of  the  deformation  has  not  been  determine 
strata  of  the  region  were  notably  folded  at  a  much  later  ti 
In  New  Brunswick  and  Nova  Scotia  there  is  unconformity 
the  Ordovician  strata  and  those  which  overlie  them,  indicj 
emergence  after  the  deposition  of  the  Ordovician  formation.' 
subsequent  submergence  before  the  deposition  of  the  next 
strata  of  the  region. 

During  the  Ordovician  period,  as  during  part  of  the  Camb 
eastern  interior  sea  seems  to  have  been  connected  with  the  A- 
the  latitude  of  northern  New  England  and  the  Gulf  of  St.  I 
During  the  disturbances  which  closed  this  period,  this  c< 
seems  to  have  been  closed. 

In  the  preceding  paragraphs,  the  crustal  movements  re 
have  been  mentioned  as  occurring  at  the  close  of  the  Ordov 
would  perhaps  be  more  accurate  to  say  that  their  beginning  : 
beginning  of  the  transition  from  the  Ordovician  period  to  th( 
The  duration  of  the  interval  of  transition  was  probably  long. 

The  separation  of  the  Cambrian  system  from  the  Ord 
much  less  marked  than  the  separation  of  the  latter  from  th 
which  follows.  For  this  reason  it  has  been  proposed  to 
Cambrian  and  the  Ordovician  periods  together  under  the  nar 
ozoicj  while  the  other  periods  of  the  Paleozoic  are  classe 
jHileozoic} 

Economic  Products. 

The  formations  of  the  Ordovician,  especially  those  of  t) 
stage,  constitute  one  of  the  most  productive  horizons  of  oil  an 
Ohio  -  and  eastern  Indiana  oil-  and  gas- wells  have  their  prin< 
in  this  formation.  Both  the  oil  and  the  gas  are  believed  to  1 
of  the  organic  matter  which  was  included  in  the  rock  at  the 
deposition. 

The  Galena  and  Trenton  formations  in  Wisconsin  and 

*  Dana's  Manual  of  Geology,  1895. 

^See  Orton,  8th  Ann.  Rept.  U.  S.  Geol.  Surv.;    Phinney,  11th  Anr 
the  reports  of  the  State  Geol.  Surv.  of  Ohio  and  Indiana. 
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jaoent  parts  of  Iowa  and  Illinois  contain  ores  of  lead  and  zinc,'  mainly 
in  the  form  of  sulphides  or  carbonates.  Lead  ores  are  also  found  in 
the  Ordovician  (or  Cambro-Ordovician)  formations  of  southeastern 
Missouri,'  and  lead  and  zinc  ores  in  the  south-central  part  of  the 
^aioe  State.  In  all  these  regions  the  lead  and  zinc  ores  occur  (1)  in 
cavities  formed  by  solution,  (2)  as  replacements  of  limestone,  or  (3)  in 
veins. 

The  manganese  ore  of  Arkansas  is  associated  with  the  Ordovician 
formations.^ 

The  Ordovician  limestones  of  central  Tonnes.see  locally  yield  phos- 
phates, much  used  as  fertilizers.    The  workable  ile]X)sits  have  resulted 


Fig  154. — ^ows  the  modes  of  occurrence  of  the  phonphale.s  (the  shodctl  Biirfoce 
parts  of  the  limestone)  in  central  Tennesaee.  (Haves  and  I'lricli,  (.'»liiinl>iii 
(Tenn.)  folio,  U.  S.  Geol.  Surv.) 


from  the  leaching  of  phosphatic  limestone,  and  tlie  concentration  nf 
phosphatic  material  ■*  (Fig.  154.)  The  metamorphic  Ordovician  lime- 
stones of  New  England  and  pome  parts  of  the  Appalachian  mountains 
have  been  extensivelv  useii  for  marble. 


'  See  Chunberlin,  Geolog}-  of  W 
Bain,  lowm  Geol.  Surv.,  Vol.  VI. 

'Window,  UisaouTi  Geol.  Sur\-.,  Vol.  \l  and  VII. 
■PeDroae,  Ann.   Rept.  Arkansas  Geol.  Sur\-.,  1S90,  Vol  L 
•  Hajea,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Sur\-. 


\o\.  W,  pp.  3G5-568;  and  Calvin  and 


Foreign  Ordovician. 

The  Ordovician  formations  appear  at  the  surface  in  varioiM  pa 
Europe,  and  they  exist  concealed  by  younger  formations  over  con 
able  areas  where  they  are  not  seen.     Fig,  155  represents  the  gt 


tD 


P'lo.  155, — Diagram  showing  the  relations  of  land  and  water  in 

tht  ( )rdiniciiLii  period.     The  shaded  parts  represent  areas  of  marine  sedimei 
(After  Dcl,appurent.) 

geographic  relations  of  land  and  water  in  Europe  during  this  p< 
The  subniorgpd  area  represents  in  a  general  way  the  area  whe 
Ordo\-ician  formations  are  present. 

The  knoft-n  formations  of  this  sj-stem,  like  those  of  the  Cam 
are  divisible  into  two  geographic  provinces,  a  northern  and  a  sou 
The  line  or  belt  which  separates  them  runs  from  the  English  CI 
on  the  west,  across  the  plains  of  Germany  to  the  heart  of  Rus 
the  east.  To  the  northern  jirovince  belong  the  Ordovician  str 
the  British  Isles,  Scandinavia,  and  Russia.  To  the  southern 
'  Uel^apparent,  Traittf  dc  G<k)logic,  quatrifime  edition,  p.  809. 
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the  corresponding  formations  of  Bohemia,  southern  Germany,  France, 
Switzerland,  Spain,  and  Portugal. 

The  basis  for  the  separation  of  the  system  into  two  geographic 
parts  is  found  primarily  in  the  fossils,  which  are  notably  unlike  in  the 
two  provinces,  and  partly  in  the  nature  of  the  rocks  themselves.  The 
north  European  faunas  were  more  closely  allied  to  those  of  Asia  and 
North  and  South  America,  and  were  the  more  general  or  cosmopolitan;  - 
the  south  European  faunas  were  more  local  and  provincial.^  An 
illustration  of  the  wide  distribution  of  certain  pelagic  faunas  is  fur- 
nished by  the  graptolites.  Of  59  species  from  the  Skiddaw  slatea 
(Lower  Ordovician)  of  north  England,  14  are  conmion  to  other  parts  of 
Britain,  25  to  the  Quebec  group  (Lower  Ordovician)  of  Canada,  and 
34  to  the  Ordovician  of  Sweden.^ 

The  strata  of  the  northern  province,  except  in  the  British  Isles,  are 
essentially  horizontal,  while  those  of  the  southern  province  are  much 
more  generally  disturbed.  Where  much  disturbed,  they  have  been 
notably  metamorphosed  in  both  the  northern  and  southern  provinces. 

In  keeping  with  the  attitude  of  the  strata,  the  outcrops  cover  larger 
areas  in  the  northern  province  than  in  the  southern.  The  most  ex- 
tensive outcrop  is  in  the  Baltic  region  of  Russia.  The  Ordovician 
beils  of  this  region  are  probably  continuous  beneath  later  formations 
\snth  the  Ordovician  of  the  Ural  mountains,  and  the  system  j)robably 
uiiikTlies  all  of  northern  Russia.^  Not  onlv  does  the  svsteni  no- 
where  appear  at  the  surface  over  large  areas  in  southern  Europe,  but 
there  is  .some  indication  that  the  outcropping  formations  of  different 
regions  are  not  continuous  with  one  another  beneatli  younger  beds. 

The  formations  of  the  European  Ordovician  are  largely  fragmental, 
being  made  up  of  shales,  sandstones,  grapvackes,  etc.,  with  which 
there  is  associated  relatively  little  limestone.  Where  the  latter  occurs, 
it  often  has  the  form  of  great  lenses  interbedded  witli  cUistic  rocks, 
showing  that  conditions  favorable  for  its  formation  were  not  con- 
tinuous over  great  areas.  In  its  paucity  of  limestone,  the  Ordovician 
of  Europe  is  in  contrast  with  that  of  North  America.  The  constitution 
of  the  sj'stem  as  a  whole  is  such  as  to  show  that  sedimentation  was  very 
varied  within  the  area  of  Europe.    The  succession  of  beds  is  often 

*  Kayser,  Geologische  Format  ionskimde,  zweite  .\uflage. 
'Geikie,  op.  cit.,  p.  949. 
» Geikie,  op.  cit.,   p.  968. 
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markedly  diflferent  in  closely  associated  localities,  and  even 
divisions    established  for  the  northern  province  do  not  ho^ 
southern. 

The  Ordovician  system  was  first  differentiated  in  Gref- 
where  it  was  described  under  the  name  of  Lower  Siluriar 
which  is  still  frequently  applied  to  it.    The  name  here  uf 
system,  which  comes  from  the  region  occupied  by  the  Ordc 
relatively  recent  adoption.^ 

The  system  is  represented  in  the  British  Isles  by  great 
of  strata  (something  like  24,000  feet  maximum)  .^     Loca 
nearly    half    the    system    is    composed    of    igneous   rock 
of  sheets  of  lava  and  beds  of  fragmental   igneous   rocks 
sorts.    In  the  north  of  England,  the  successive  beds  of  i. 
partly  lava-flo\\^    and  partly  tuffs,  not  interstratified  v 
sediments  except  near  the  base  and  summit,  suggest  that 
took  place,  in  part  at  least,  on  land.    In  Wales,  on  the 
the  igneous  rocks  are  interstratified  with  sedimentaries,  a 
fore  thought  to  have  been  ejected  beneath  water.'*    T 
the  most  extensive,  as  well  as  one  of  the  most  ancient,^ 
of  Europe.      Igneous  rocks  of  Ordovician  age  also  occui 
of  Ireland. 

From  north  England  and  Wales  the  system  thins  in 
though  it  has  a  thickness  of  something  like  three  miles  i 
highlands  of  Scotland.     The  figures  given  are  to  be  L 
maxima,  not  iis  averages.    In   Scandinavia  and  Rua*- 
has  but  a  fraction  of  the  thickness  which  it  possesses 
the  strata  are  essentially  horizontal.    About  the  Gulf  o 
of  the  Ordovician  beds  of  clay  and  sand  are  still  uncon 
sands  and  clays  of  the  system  here  might  be  taken,  so  fj. 
characteristics  go,  for  Tertiary. 

In  the  southern  province  of  Europe,  as  in  most 
the  Ordovician  system  does  not  attain  great  thicknes 
is  there  more  abimdant  than  in  the  north.    The  sti 
about    various   mountains   where   local   disturbances 

*  Murchison,  Phil.  Mag.  and  Brit.  Assoc,  1835. 
M.apworth,  Geol.  Mag.,  1879,  p.  13. 

*  This  measurement  is  doubtless  subject  to  the  qualificatio 

*  Geilde,  op.  cit.,  pp.  946  and  949. 
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UTopean   continent,   on   the   other  hand,   orogenic   disturbances 
)t  appear  to  have  taken  place  at  the  close  of  the  Ordovician. 
urope,  as  in  America,  the  great  disturbances  took  place  where  th 
)dies   of   sediment   had    been  accumulated,  or  else  the  beds  w 
•eatly  thickened  by  the  disturbances. 

The  Ordovician  system  of  Europe,  like  that  of  America,  is  divic 
to  several  groups  of  strata,  but  it  is  impossible  to  correlate  th 
ibdivisions  with  those  of  North  America  with  anything  like  ac 
X5y.  In  Great  Britain  the  four  principal  divisions,  beginning  \^ 
le  oldest,  are  (1)  Tremadoc,  (2)  Arenig,  (3)  Llandeilo,  and  (4)  Ci 
)c  or  Bala. 

In  other  continents  the  Ordovician  strata  have  usually  not  b 
parated  from  the  overlying  Silurian,  but  they  are  known  to  hav 
ide  distribution  in  the  Arctic  regions  (Kennedy  Straits,  Bootl 
Drnwallis,  Griffith,  North  Devon,  East  coast  of  Greenland,  etc.) . 
)uth-central  Siberia  they  are  said  to  be  represented  by  red  beds,  v 
lit  and  gypsum.i  In  northern  China,  the  Ordovician  system  is  rej 
nted  by  3000  to  4000  feet  of  limestone,  which  overlies  the  Up 
Etmbrian  conformably. 

Climate. 

Neither  in  Europe  nor  in  America  is  there  decisive  evidence  t 
imatic  zones  were  distinctly  marked.    All  that  is  known  of  the 

this  era  would  seem  to  indicate  that  the  climate  was  much  m 
liform  than  now  throughout  the  areas  where  the  strata  of  the  pei 
e  known.    The  fact  that  the  Ordovician  rocks  have  been  identi 

the  far  north  (in  North  Devon,  the  west  coast  of  King  Willia 
and,  Bootliia,  etc.)  by  their  fossils,  indicates  that  the  climatic  c 
tions  of  North  America  and  Europe  must  have  been  less  diversi 
lan  now. 

ORDOVICIAN  LIFE. 

Close    sequence  upon  the  Cambrian. — ^To  the  fact  that  no  gi- 
liysical  change  took  place  in  the  passage  from  the  Cambrian  to 
rdovician  deposits,  as  usually  defined,^  is  now  to  be  added  the  c 

^  De  Lapparcnt,  op.  cit.,  p.  807. 

2  Riackwelder,  Carnegie  Institution.     Unpublished  evidence. 

3  Were  the  dividing  plane  placed  at  the  unconformity  above  the  Calciferous  (B 
ant  own  of  the  east,  Lower  Magnesian  of  the  Upper  Mississippi  Valley),  an  ap 
able  change  in  the  life  would  have  to  be  recognized,  but  it  would  not  be  a  ra< 
le.  For  North  America,  the  plane  of  the  unconformity  appears  to  be  the  b 
ividing  horizon. 
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rplative  fact  that  tber^  was  no  distinct  break  in  the  succesfdon  of  life. 
All  reasonable  ^ioubt  that  the  continuity  between  the  two  }K»riods  was 
r-al  and  not  merely  af^iarent  is  thus  remo\'ed,  for  liad  any  pn*at  inter- 
val been  left  unrecorded  by  the  deposits,  it  must  have  nuule  ilsi»lf 
nianif(*st  by  a  break  in  the  continuity  of  the  life.  Tliere  seems  iunplc 
warrant,  therefore,  for  the  xjew  that  the  vast  period  from  the  Ix'pnninf; 
of  the  Cambrian  to  the  close  of  the  Ordo\'ician  was  one  long  eon  of 
progres?i>'e  development  and  of  e3q:)ansion  of  life,  and  that  its  division 
into  two  nominal  periods  is  artificial  rather  than  natural. 

Edaphic,  ProrinriaL  and  Ca^nopoliiar}  Dcirlopmnii, 

Ne\"ertheless.  the  life  progress  was  not  uniform  in  all  regions,  tliough 
in  its  general  aspect  it  was  cosmopolitan.  It  varied  much  as  the  con- 
tinental evolution  varied,  and  largely  as  the  result  of  it.  The  variations 
a^sumetl  three  general  phases:  (1)  adaptation  to  the  inunediate  j)]iysi('al 
environment,  particularly  the  nature  and  dei)th  of  the  sc^a-hottoiu 
(edaphic  adaptation);  (2)  modification  by  self-€*volution  witliin  n»- 
stricted  areas  where  isolated  from  other  regions  by  l)arri(Ts  (provincial 
evolution),  and  (3)  modification  toward  a  miiversal  tyiK*  tlinmgli  the 
int(Tmigration  of  the  life  of  various  repons  when  barriers  wen*  n'ni(»v«M| 
(cosmopolitan  development). 

rl)  Edaphic  modification — Areas  in  which  the  bottom  was  rocky, 
or  sandy,  or  muddy,  or  calcareous,  had  their  appropriate  life,  as  did 
also  the  tracts  of  shallow  and  deep  water,  and  tlie  an»as  doininaird 
by  other  special  conditions.  The  assemblag(\s  adapt<'d  to  tlu*s<'  sjHcial 
conditions  were  not  entirely  distinct  from  one  anotlicr,  for  Ihrn-  \mtc 
not  a  few  forms  that  were  indifferent  to  thes(*  conditions,  j>arti(Milarly 
the  floating  and  free-s\\'imming  species;  but  the  iL«jK'ct  of  the  fauna, 
particularly  the  sea-bottom  portion  of  it,  w:is  locally  nicxHfied.  'jlu-s*' 
mollifications  are  well  showTi  in  the  Ordovician  fossils,  but  they  ar<. 
of  too  intricate  a  nature  to  be  set  forth  sjx^cifically  hen*. 

(2)  Provincial  modifications. — Although  for  the  gn?at^T  j>art  the 
sea  was  spread  widely  upon  the  face  of  the  continent  in  Ordovician 
times,  and  the  facilities  for  the  intermigration  and  mingling  of  faiina*^ 
\^ere  usually  excellent,  there  is  evidence  of  considerable  separation 
into  zoological  provinces.  This  ^vas  probably  due  in  thr*  main  to  barriers 
interposed  by  gentle  warpings  of  the  sea-bottom  which  introduced 
emergent  tracts  and  tracts  of  excessive  depth;   but  probably  also  in 
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xt  to  barriers  constructed  by  the  sea  itself,  in  the  form  of  shoal 
xs  and  spits.  In  some  cases  the  separation  of  the  provinces  vca 
,ve  been  due  to  nothing  more  substantial  than  sea-currents  and  tl 
tendant  differences  in  temperature,  or  to  locally  increased  or  lessenc 
linity  of  the  waters.  The  formation  and  shifting  of  provinces  due 
rface  warpings  seems  to  have  been  most  marked  in  the  Appalachif 
ict,  where  deformations  have  been  more  pronounced  than  in  tl 
berior  in  most  geological  stages.  Some  notable  progress  has  recent 
en  made  in  working  out  these  provinces,  but  the  delineations  ha- 
>t  yet  been  brought  to  sufficient  completeness  and  sureness  to  warra: 
.  attempt  to  sketch  them  here.^ 

(3)  Cosmopolitan  development. — Notwithstanding  the  local  ai 
ovincial  modifications  just  named,  the  progress  of  the  Ordovicij 
e  on  the  American  continent  seems  to  have  been,  on  the  whole, 
e  direction  of  cosmopolitanism.  This  was  due,  in  part,  to  the  wi( 
velopment  of  the  epicontinental  seas,  which  in  themselves  gave 
oad  and  rich  field  for  evolution,  and  in  part  to  the  facilities  for  t 
bermingling  of  the  faimas  of  the  various  continents.  A  cosmopolite 
idency  is  particularly  marked  in  the  great  interior  region  which  w 
3re  stable  than  the  border  tracts  and  which  better  discloses  the  gre 
les  of  biological  mo vement,  because  less  affected  by  the  little  ones. 

The  preceding  statements  relate  chiefly  to  the  shallow-water  life 
e  sea,  as  this  includes  the  larger  part  of  all  that  is  represented 
ose  portions  of  the  deposits  that  are  now  accessible.  The  deep-s 
ds  of  the  Ordovician  are  nearly  all,  probably  quite  all,  inaccessib 
le  shallow- water  life  that  was  subject  to  local  and  regional  modificati 
ibraccd  not  only  the  species  which  were  limited  to  particular  kin 
bottom,  etc.,  but  those  which  were  dependent  on  these  for  food  aj 
'  other  necessary  conditions  of  life. 

Fortunately,  however,  in  the  Ordovician  deposits  there  is  an  exce 
inal  record  of  the  free-floating  life  of  the  ocean  made  by  an  extiii 
ler,  the  graptolites  (Fig.  167)  .^    This  record  is  not,  however,  isolate 

it  might  have  been  if  dej^osited  on  a  sub-oceanic  plateau  in  mi 
oan,  inaccessible  to  coast  life,  and  covered  with  water  too  shallow  f 

*  See  Paleozoic  Seas  and  Barriers,  by  E.  O.  Ulrich  and  Charles  Schuchert,  Re] 
Y.  State  Paleontologist,  1901,  pp.  033-G58. 

^  It  is  not  universally  agreed  that  all  graptolites  were  floating  forms  at  all  stag* 
t  there  seems  to  be  little  doubt  that  they  usually  were  in  their  young  stages  at  lea 
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abysmal  life.  The  grapt elites  are  mingleil  mijre  or  I»^<  freely  with  th«=»' 
fiTssils  of  the  shallow-water  life.  This  implies  that  th«*  opi*n-r*^  IlrV  -a-j,-? 
lji»me  freely  over  the  epicontinental  sea?.  TliL-  L-  funbi^r  tr->tir:L<»riy 
i<>  the  sea-prevalence  and  the  cosmopolitan  ten«>ncy  <>f  tb*  life  i.l*\>I'»i.- 
im^nt.  Pelagic  forms  in  general  enjoy  great  frp»=^ii>m  of  •lL<tributi«»ri, 
arid  hence  their  progress  is  to  be  presumeii  to  be  much  the  >am!»*  in  all 
oceanic  regions.  Even  here,  absolute  equality  of  progress  Is  not  pn^li- 
rablo,  for  the  ocean-currents  form  circuits  within  which  they  rt-tuni  u{w>n 
thf*nLsc*lves  without  compKissing  the  whole  globe.  an«l  without  Oinuiiin- 
g!ing  verj'  extensively  with  other  waters:  and  hence  even  the  floating 
oj»'n-5jea  life  is  assembled  in  some  measure  into  vague  pro\-inc<»s.  ainl 
tliU  has  probably  always  been  the  case.  But  the  Ordo\-icuui  gniptolitrs 
an*  found  to  be  practicalK"  identical  not  only  on  the  Eurojieaii  and 
American  sides  of  the  North  Atlantic,  which  might  have  liorn  dominated 
l»v  an  oceanic  circuit  of  its  own,  but  in  the  seas  of  the  times  :is  far  awav 
a>  Aa^tralia,  whose  relations  are  with  the  Pacific,  the  Indian,  ami  ihe 
.Vntarctic  oceans.  The  inference  is  that  the  range  of  the  praptolitr 
>j»-ci»*s  was  ocean-wide.  They  were  par  excellence  cosni(»i)olitan  forms. 
Lipworth  *  has  sho\i-n  that  the  duration  of  indivi^lual  siKU'ies  was  not 
\»Ty  great,  geologically  sjx»aking,  and  hence  the  sucn^ssion  of  siM'cics  was 
wtll  suited  to  mark  the  contemjwraneoiLS  j)rogn\ss  of  cvc'iits  in  all 
qiuirters  of  the  ocean.  During  the  lifetime  of  the  graptolitcs,  which 
unfortunately  was  limited  to  the  late  Cambrian,  Onlovician,  and  Silu- 
rian. I^pworth  identifies  a  score  of  successive  zones,  each  charactrr- 
iz*il  by  a  particular  species.  One  of  these  zones  falls  in  tlir  Camhriaii, 
tight  in  the  Ordovician,  and  eleven  in  the  Silurian.  If  tlirsr  Ix'  takrn 
a-  chronological  bench-marks,  so  to  si)eak,  the  sucec'ssivc  horizons  of 
tin-  ilifferent  continents  may  be  accurately  corn'lat*^!  and  the  jiro^Mi.  .i 
of  lift*  in  the  varioas  quarters  of  the  globi*  n'fcTnvl  to  a  common  :-<■(  of 
.*-tandanL<.  Tlie  succession  of  American  faunas  will  claim  our  altinlion 
lat«r.     Our  first  concern  is  with  the  general  progress  of  life, 

•On  the  goolopical  Distribution  of  the  Rhalxlophora,  Ann.  W-.ni  NhJ.  \\\.-\  ,  ;,i)i 
S*  r..  Vol.  III.  pp.  245,  445;  Vol.  IV,  pp.333.  418;  V«il.  V,  pp.  \r»,  I  P»,  r/J,  ..M<t  J'.»i; 
Vi.l.  VI,  pp.  10,  185.  On  American  jjraptolites,  wm>  parti^'uljirlv  Snuun  ll.iH,  i  .,*i 
<»nr.  Remains,  Dec.  II,  1865;  20th  Kept.  X.  V.  Stat«;  Col.  of  Nni.  Ilir^f  ,  \^t,''\,  U  If. 
C'irley.  Jour.  GcoL,  VoL  IV,  1896,  pp.  63  and  291,  and  \L  U«i<d«iiiiiiiii,  M«(/i.  '.o.  7, 
N.  State  Mu& 
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The  General  Progress  of  Ordovician  Life. 

While  there  was  a  fair  preservation  of  the  life  of  the  Can 
there  is  a  much  superior  representation  of  the  Ordovician  life, 
part  of  this  is  due  to  a  real  advance  in  fossilizable  forms,  and  pr 
to  a  real  multiplication  of  their  numbers,  but  a  part  is  probab 
due  to  better  conditions  of  preservation.  The  Ordovician  life  L< 
^bly  to  be  regarded  as  the  climax  of  the  life  of  the  first  great 
iferous  period,  and  as  such  its  fossils  may  well  receive  more 
and  fuller  illustration  relatively  than  it  will  be  possible  to  giv 
faunas. 

The  Scantiness  of  the  Record  of  Land  Life. 

Theoretically,  there  are  strong  reasons  for  believing  that  th< 
dophytes  and  perhaps  other  leading  groups  of  plants  clothed  th 
for  they  appear  in  abundance,  in  high  development,  and  in  wide 
€ntiation  in  the  Devonian  period.    The  physical  argument  for  a 
clothing  of  the  land  is  also  now  stronger  than  before,  for  anii 
swarmed  about  the  shores,  and  limestone  was  sometimes  laic 
close  to  the  Archean  crystalline  rocks  and  even  among  the 
hills,  as  in  Ontario  and  elsewhere.    This  is  difficult  to  unders 
the  crystalline  rocks  were  naked  and  the  wash  from  them  unresi 
even  if  their  surfaces  were  rather  low.    Rather  should  we  expect 
sandstones  in  all  the  adjacent  tract  and  relative  scantiness 
becau«^e  the  land  waters  would  be  poor  in  organic  matter  if  tl 
bore  no  vegetation.    If  on  the  other  hand  the  land  were  cloth 
vegetation  and  relatively  low,  silty  wash  would  be  limited,  i 
waters  rich  in  organic  matter,  and  the  conditions  favorable  . 
for  teeming  life  near  the  shores,  and  free  limestone  depositic 
consequence.     But  the  record  merely  furnishes  some  imperfec 
that  are  interpretable  as  land  plants,  without  revealing  much 
land  vegetation.! 

The  first  record  of  insect  life. — ^The  oldest  relic  of  insect  life 
at  present  is  a  rather  obscure  wing  foimd  in  the  graptolite 
of  the  Upper  Ordovician  of  Sweden.  It  is  referred  to  the  c 
Hemiptera  (bugs,  cicada,  etc.).  Not  enough  is  preserved  t 
fully  the  insect's  nature,  but  the  existence  of  any  flying  insect 

*  Dawson,  Plant  Life,  p.  21. 
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onler  implies  the  presence  of  vegetation  and  of  atmospheric  conditions 
fiudted  to  active,  air-breathing  organisms. 

The  Main  Record  Marine. 

The  marine  invertebrates  made  up  almost  the  whole  of  the  recorded 
fauna  of  the  Ordovician,  and  among  these  the  trilobites,  the  cephalo- 
poda, and  the  brachiopods  held  the  leading  places.  Of  these,  the 
brachiopods  were  the  most  numerous,  the  trilobites  the  highest  in 
<H^anization,  and  the  cephalopods  the  most  powerful.  But  the  fore- 
shadowings  of  a  new  dynasty  were  even  then  at  hand. 

The  appearance  of  the  vertebrates. — In  the  Ordovician  near  Canyon 
City,  and  at  some  other  localities  in  Colorado,  the  remains  of  fish- 
fike  organisms  occur  in  great  abundance,  but,  unfortunately,  in  poor 
condition,  associated  with  characteristic  Ordovician  invertebrates.* 
The  fish  relics  are  very  fragmentary,  but  among  them  there  are  com- 
plete dermal  plates.  Rarely,  a  few  of  these  plates  remain  joined 
to  one  another.  There  are  also  portions  of  the  vertebral  column. 
The  relics  are  sufficient  to  make  it  clear  that  fish-like  forms  lived  in 
some  abimdance,  and  that  they  were  armed  for  defense.  It  is  not 
equally  clear  that  they  were  armed  for  attack. 

The  climax  of  the  trilobites. — More  than  half  of  all  the  known 
genera  of  trilobites,  as  listed  by  Zittel,  were  represented  in  Ordo\ician 
times.  Only  a  few  of  these  came  over  from  the  Cambrian,  wliile 
the  others  make  their  first  appearance  in  this  period.  In  the  next 
pmod  (Silurian),  their  numbers  fell  to  one  half,  and  in  later  periods 
declined  still  further  until  they  disappeared  at  the  close  of  the  Paleozoic 
era.  The  rise  and  fall  of  the  trilobites  is  shown  graphically  in  the 
cur\'e  of  the  accompanying  figure  (Fig.  156).  Their  climax  appears 
to  have  been  reached  by  a  rapid  evolutionary  ascent,  and  to  have 
been  followed  by  a  more  gradual  decline,  but  the  ascent  was  doubt- 
less verj"  much  more  prolonged  in  reality  than  appears  from  the  record, 
which  Ls  doubtless  less  complete  in  the  Cambrian  and  pre-Cambrian 
systems  than  in  those  of  later  periods.  The  attainment  of  a  climax 
80  early  in  the  recorded  history  of  life  is  a  very  notable  event. 

The  cystoids  and  the  graptolites  also  reach  their  climaxes  in  this 
period.  The  cystoids  were,  however,  replaced  by  their  near  kin,  the 
crinoids,  and  the  much  simpler  organization  of  the  graptolites  makes 

>  Walcott,  Bull.  Geol.  Soc.  of  Am.,  Vol.  Ill,  pp.  153-171. 
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their  early  climax  less  significant.    The  climax  of  the  tiilobit< 
therefore  be  regarded  as  the  foremost  great  event  of  its  kind 
definitely  recorded. 


Fig.  156. — ^The  two  upper  cun^es  represent  the  history  of  the  trilobites 
to  genera,  the  full  line  indicating  the  total  number  of  genera  present  in  t 
of  the  successive  periods,  and  the  dotted  line  the  number  of  new  genera  in 
The  two  lower  curves  present  the  same  data  for  the  families  of  the  trUc 
full  line  representing  the  total  number  of  families  present,  and  the  d< 
the  number  of  new  families  introduced.  The  data  for  the  families  is  ta 
Beecher  in  the  Zitt  el-East  man  text -book  of  Paleontology-,  Vol.  I.  The 
the  genera  is  somewhat  incomplete,  but  is  as  full  as  can  be  made  froi 
"  Handbuch  der  Palaiontologie." 

The  general  aspect  of  the  trilobites  at  the  high  tide  of  thei 
is  fairly  illustrated  in  the  group  shown  in  Fig.  157.  The  Or< 
trilobites  were  usually  much  better  preserved  than  their  C 
predecessors,  but  still  they  are  never  known  to  have  been  p 
fossilized.  So  general  was  the  loss  of  the  more  fragile  par 
the  nature  of  the  appendages  and  of  the  under  parts  was  a 
question  until  recent  years,  when  the  under-structure  was 
out  in  the  case  of  a  few  forms  by  the  skill  and  patience  of  ^ 
BoochiT,  and  others.^  These  few  forms  doubtless  represent  the 
nature  of  the  appendages  of  the  whole  order,  though  notabl 
tions  are  not  improbable.    The  accompanying  photograph  of 

1  Walcott,  28th  Rept.  X.  V.  State  Mus.  Nat.  Hist.,  1875;  Bull.  Mus.  CoJ 
Cambridge.  VIII,  1881.  Beecher,  Am.  Jour.  Sci.,  Vol.  XLVI,  1893;  Vo 
1894,  and  Vol.  I,  Ser.  4,  1896;  Am.  Geol.,  Vol.  XIII,  1894,  and  Vol.  XV,  18 
thew.  Am.  Jour.  Sci.,  Vol.  XLVI,  1893.     (Weller). 
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Fig.  1"7. — Ordorician  TrUobiles.  a,  Trinucleus  ornalus  Sternberg;  b,  Ilarpis  primus 
Barr&ndc;  e,  Bronteof  lunalus  Hillingii;  d,  Plerygomelopus  callireplialiis  (Hall); 
e,    OdorUopletira  ctoxIus   (Locke);    /,    Iltrcnus    amrricanux    Billing^;    g,    Proelus 

rriusculug  Hall;  h,  Isaleliis  maiimus  Locke;  »-;,  Cali/mrne  callice[^iala  Green; 
CeraiTus  nleurexanihfmax  Green;  I,  Licluv  ineala  Barrande;  tn,  Bumaelus 
IrmlonmHi  (Enunona).  The  lowest  order  of  Trilobitcs,  the  Hypoparia,  are  rep- 
rrsented  by  figures  a  and  6.  They  have  no  true  eyes,  and  tlic  faeial  suture  is 
margiDal  or  aub-margiDal.  Figures  e,  /,  g,  h,  I,  and  m  are  examples  of  the  trilo- 
bite  order  OfHsthopaiis,  in  whicli  l)ie  posterior  limb  of  Ibe  fadal  suture  is  directed 
backward,  cutting  the  posterior  margin  of  the  liead  and  lea\iiig  the  genal  angle 
on  the  free  cheek.  The  different  degrees  of  differentiation  of  the  glabella  should 
l*  noted.  Figures  <f,  t-i,  and  k  are  examples  of  the  order  Proparia  whicli  includes 
the  hiriie«t  of  the  triloln'""'  *'"■  — rf"""-  t;mi.  ,.t  ii —  i — :„■  ^..■..-n  i=  j:,-.™.„j 
Uterallv,  leaWng  the  gena 
in  the  Citittbnau  faunas. 
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by  Beecher  (Fig.  158),  made  by  combining  parts  of  different 
viduals  of  Triarthus  beckii,  shows  that  this  species  possessed  s 
of  legs  extending  along  each  side  of  the  body  and  that  these  wen 
nished  with  fringed  natatory  branches.  From  these  appendag 
is  inferred  that  the  Triarthus  both  ran  and  swam  and  was  a  swift  ( 
animal.  It  possessed  antennas,  which  probably  agnifies  a  well-deve 
tactile  sense.  The  swimming  iilamenta  have  not  been  found  in 
genera  where  the  legs  have  been  observed.    In  these  cases  it  is 


that  the  logs  are  relatively  weak,  and  that  these  are  forms  whicl 
the  habit  of  rolling  up,  while  tlie  Triarthus  was  stiffly  articul 
The  suggestion  has  hence  been  niatle  that  the  trilobites  followed 
lines  of  development.  Tlie  one  class,  being  weak  in  power  of 
motion  and  sluggish  in  habit,  developed  a  jointed  articulation 
found  safety  when  attacked  in  rolling  up  armadillo  fashion,  whil« 
other  acquired  effective  running  and  swimming  organs  and  f 
safety  in  flight;  but  present  data  are  insufficient  to  demonatrat* 
distinction,  for  the  appendages  of  most  trilobites  are  still  unkn 
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Tbe  eyes  of  the  Ordovician  trilobites,  as  a  rule,  were  more  prominent 
and  better  developed  than  those  of  the  Cambrian  forms,  and  showed 
improved  adaptation  by  being  set  on  a  curved  pedestal,  so  that  some- 
eyelets  were  directed  more  to  the  front  and  others  more  to  the  rear,  giv- 
ing an  ampler  angle  of  vision  (see  particularly  d  and  h,  Fig.  157).    There^ 
mas  little  or  no  increase  in  the  average  size  of  the  trilobites.    The 
IfoUius  gigas  sometimes  reached  a  length  of  18  inches  and  ranked 
among  the  giant  trilobites,  but  it  was  equaled  and  even  surpassed 
by  some  of  the  great  Paradoxides  of  the  Cambrian.     Progress  took 
the  form  of  improvement  of  the  parts  and  of  superior  adaptation  rather 
than  increased  size.    Curious  ornamentation  of  the  exterior  was  dis- 
played in  some  genera,  as  were  also  eccentric  departures  from  the 
simple  three-lobed  form,  but  such  aberrations  became  far  more  pro- 
nounced in  the  early  stages  of  the  decline  of  the  trilobites,  in  later 
prt^iods. 

Other   crustaceans. — Besides  th?   trilobites,   the  crustaceans  were 
representeil  by  a  few  inferior  forms.      Ostracodes  were  common  in 


^ 


e 


Fig  l.'.O. — Ordovician  Crustacea,  other  than  Trilobites.  a-/;,  CeratopsiJi  oculijera 
(Ilall),  lateral  and  ventral  views;  r,  Eurychilina  reticulata  I'lricli;  d,  Macronotella 
Bcofieldi  Ulrich;  e,  Ceratopsis  chaml^ersi  (Miller);  j-g,  TetradcUa  quadrilirata 
H.  and  W.,  lateral  and  dorsal  view;  h,  AparchUes  minutissitnus  Hall;  i-;, 
Lepidocoleus  jameH  (Meek),  a  single  plate  and  a  complete  indiWdual.  Figures 
a-i.  f,  d,  Cf  /-y,  and  A  are  examples  of  Ordovician  ostracods,  all  of  tlicm  much 
magnified.  Figures  t-;  are  illustrations  of  a  single  plate  and  of  the  complete 
individual  of  a  cirriped  crustacean. 


some  be<ls  (Fig.  159,  a,  6,  c,  rf,  e,  /,  g,  and  h)  and  there  were  a  few  cirripods 
of  which  the  barnacle  is  the  most  familiar  modern  tj^^e;  but,  unlike 
the  barnacle,  the  Ordovician  cirripeds  liad  an  elongate  body  and  were 
not  sessile  (Fig.  159,  i,  /).  The  euripterids,  a  limuloid  form  related 
to  the  arachnids,  appeared  in  the  later  part  of  the  period. 

The  dominance  of  the  cephalopods. — ^The  largest,  the  most  powerful, 
and  perhai>s  the  most  predaceous  of  the  knowii  forms  of  Ordo\dcian. 
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life  were  the  cephalopods,  which  seem  to  have  come  in  vrith  est) 
dinary  suddemiess.  Unless  the  fishes,  of  which  so  little  is  kn^ 
contested  their  supremacy,  they  were  doubtless  the  undisputed  ma 
of  the  sea.  Their  relics  first  appear  at  the  time  of  the  transition 
the  Cambrian  to  the  Ordovician,  but  they  were  then  so  far  adva 
in  their  development  and  so  widely  differentiated  from  allied  forms 
render  it  probable  that  they  had  really  lived  much  earlier,  '. 
general  aspect  may  be  gathered  from  the  group  in  Fig.  160,  but 


10.  IW. — Ordoeman  Ccpkalnpodii.  a,  Polerioceras  apertvtn  Whiteaves;  b, 
icrnn  Tiflciis  Il.ill;  c,  Orihoceras  bilitteaiam  Hall;  d,  Clinoceras  niumi 
C  iVliit field) ;  e,  Urihoceras  sociaU  Hall;  /,  Gyroeeras  dupHdcoattdum  Wh 
g.On^oceras pandionHall;  h,  Trockolilesammonius Conr&d.  TliesefipireB  illi 
■"  "     '    ■  '  "-'  -  '-■        --   1    ...  ,jjjg  f^jj,  jjip  straight  ortl 

n  ^1  of  them  however,  the  i 


small  forms,  or  large  forms  on  a  greatly  reduced  scale,  are  ava 
for  illustration.  The  dominant  form,  as  well  as  the  most  prin 
one,  was  the  Ortlwceras  (Fig.  160,  e),  whose  shell  consisted  of  a 
straight,  gently  tapering  cone,  partitioned  by  plane  septa  into  char 
connected  by  a  centra!  tube  (siphuncle).  Even  in  Ordovician 
there  had  already  been  a  wide  departure  from  the  ideal  simplie 
the  Orthoceras.  There  were  not  only  moderate  curvatures,  as  t 
plified  by  the  Cyrloceras  (Fig.  160,  b),  but  there  were  loosely  » 
forms  as  the  Gyroeeras  (Fig,  160,  /)  and  close-coiled  ones,  as  the 


THE  ORDOVICIAN  PERIOD. 


353 


du)lUes  (Fig.  160,  h),  which  resembled  the  Nautiltts  of  to-day.  The 
straight  forms  preponderated,  however,  and  the  sutures  scarcely  de- 
{iarled  from  severe  simplicity.  We  shall  find  that  in  later  periods  the 
septa  and  other  features  varied  still  more  widely,  and  by  so  doing 
iHarked,  in  a  very  tangible  way,  the  progress  of  the  class. 

Perhaps  no  other  invertebrates  so  well  show  the  progress  of  Paleo- 
xoic  and  Mesozoic  times  as  the  cephalopods,  and  this  invites  a  special 


# 
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Fic.  161.— Ordorifuin  Gastropods,  a,  SubulUes  regularis  U.  and  S.;  b,  Maclurea 
logani  Salter;  c,  Lophospira  helicteres  (Salter);  d,  Cyclonema  bilix  (Conrad); 
e,  Schizolopha  texHlis  Ulrich;  /,  Ilelicotoma  planulcUa  Salter;  g,  Ilormotoma 
graciiis  (Hall);  h,  Eccyliomphcdus  triangulus  Whitfield;  ij ,  Archinacella  cingukUa 
Ilrich:  k-lf  Ophileta  commanata  Vanuxem;  m,  Cyrtolites  ornaius  Conrad;  n, 
RaphiMomina  lapicida  (Salter);  o,  Protowarthia  cancellala  (Hall);  p,  Conradella 
fimbriata  U.  and  S. ;  ^,  Bellerophon  clausus  Ulrich;  r,  Conularia  trentomnsis 
Hall.  The  exact  zoological  position  of  Conularia  (r)  is  not  certainly  known,  but 
it  l«  usually  regarded  as  a  pteropod.  Tlie  remaining  figures  illustrate  in  a  measure 
the  jrreat  variety  of  forms  assumed  by  the  Ordovician  gastropods,  a  remarkable 
amount  of  diffeTentiation  when  the  slight  representation  of  tlie  group  in  Cambrian 
faunas  is  recalled. 

Study  of  these  early  forms.  The  size  attained  in  this  early  period  was 
probably  as  great  as  ever  reached  by  the  chambered  cephalopods, 
some  of  the  shells  being  twelve  or  fifteen  feet  in  length  and  a  foot  in 
p-eatest  diameter.  From  this  maximum  they  ranged  down  to  forms 
smaller  than  a  pipe-stem.  Their  habits  are  wholly  matters  of  inference 
from  their  structure,  and  from  the  habits  of  their  relatives  in  the  present 
seas  Perhaps  they  floated,  shell  uppermost,  or  crawled  upon  the 
bottom,  and  preyed  upon  a  variety  of  weaker  forms  of  Ufe. 
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The  Ordovician  gastropods. — ^The  gastropods  were  very  f 
represented  in  the  early  Ordovician  fauna.  There  were  present 
only  the  simpler  shell-forms,  which  consist  merely  of  a  low  cone  w 
vertical  or  sUghtly  curved  axis,  like  the  capulids  (Fig.  161  i,  f) 
also  the  three  leading  types  of  the  spiral  shell,  the  depressed  cor 
coil  (Fig.  161,  kj  I),  the  low  spire  (Fig.  161,  n)  and  the  elevated  spire 
161,  g  and  a).  The  last  made  a  relative  gain  as  the  period  progrc 
Perhaps  no  form  of  early  Paleozoic  life  so  closely  and  so  obvi 
resembled  the  modern  forms  as  the  gastropods,  which  even  the 
structed  recognize  as  ''snails.^'  The  Conularia  (Fig.  161,  r)  repre 
the  suborder  pteropods. 

The  Ordovician  pelecypods. — ^The  pelecypods  (lamellibranchs) 
their  representatives  (the  clams)  of  to-day,  seem  to  have  been  fo 
muddy  or  sandy  bottoms,  for  they  are  rather    rare  in  the  lime 


g 

Fig.  162. — Ordovician   Pelecypods    (Lamellibranchs).     a,    Pferinea   demissa  (C 
exterior  of  left  valve;    b,  Lyrodesma  cincinnatiensis  Hall,  interior  of  right 
showing  a  primitive  type  of  liingc;   c,  Byssonychia  radiata  (Hall),  exterior 
valve;    d,   vanuxemia  aixonensis  M.  and  W.,  interior  of  right  valve,  showi 
hinge   and   muscular  impressions;     e,   Ischyrodonta  decipiens   Ulrich,   inte 
right  valve,  showing  the  hinge  and  muscular  impre8sionv«» ;   f-g,  Ctenodonta 
(Hall),  exterior  of  right  valve  and  a  view  of  the  hinge;  /i,  Modiolopsis  arguta  (1 
exterior  of  the  left  valve,  and  a  view  of  the  hinge;  i-j  Ctenoaonta  recurva 
exterior  of  right  valve  and   a  view  of  the  hinge;    A;,   Rhytimya   radiata 
exterior  of  tlie  right  valve,    Z,  Orthodesma  rectum   H.  and  W.,  exterior  of  tli 
valve;    m,  Ctenodonta  pectuncuUndes  Hall,  interior  of  the  left  valve,  showi 
liinge;    n,   Technophoru^  divaricaius   Ulrich,  exterior  of  the  left  valve. 
usually  described  as  a  pelecypod,  but  it  is  probably  a  peculiar  bivalve  cms 

beds  of  the  earlier  and  middle  Ordovician,  but  increase  in  abun 
as  the  deposits  grade  into  the  shales  of  the  later  Ordovician.  C 
whole  they  were  very  subordinate  to  the  gastropods  and  cephal 
in  numbers  and  in  range,  except  locally.    This  is  perhaps  the 
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notable,  as  the  pelecypods  are  the  lower  and  less  difTerentiated  type, 
though  the  hinged  double  valve  is  a  device  of  higher  order  than  the 
single  valve.    Representative  forms  are  shown  in  Fig.  162. 

The  abundant  development  of  the  brachiopods. — Shells  of  brachio- 
potls  are  the  most  common  fossils  of  the  Ordovician  strata.  This 
arose  no  doubt  partly  from  their  special  suitability  for  preservation; 
but  chiefly,  we  may  safely  assume,  from  their  numerical  superiority 
in  the  Ordovician  fauna.  The  record,  as  it  now  stands,  shows  more 
indi\nduals  per  species  than  in  any  other  class  except  perhaps  the  bryo- 
zoans.  This  wide  deployment  is  the  more  notable  since  the  brachiopods 
were  among  the  most  conservative  of  all  the  classes  foimd  in  the  fossil 
state.  The  lower  inarticulate  forms  of  the  order,  which  predominated 
in  the  Cambrian,  continued  through  the  Ordovician  (as  indeed  they 
have  done  to  the  present  time),  but  the  higher  articulate  forms  greatly 
outniunbered  them.  The  large  development  of  the  articulate  class 
was  attended  by  a  progressive  evolution  of  the  mode  of  articulation 
in  which  two  hnes  were  followed.  In  some  the  length  of  the  hinge 
was  increased,  apparently  affording  a  better  means  of  resisting  the 
attempts  of  their  enemies  to  reach  them  by  sliding  or  rotating  the 
valves  past  one  another  (see  Fig.  163,  a,  b,  e,  /,  g,  etc.).  In  others  the 
front  of  the  shell  opposite  the  hinge  was  notched  so  that  the  valves 
were  interlocked  when  closed,  and  thus  more  effectively  resisted  any 
sliding  upon  one  another  (Fig.  163,  d  and  ii).  This  de\4ce  was  usually 
best  developed  in  the  shells  of  narrow  and  weak  liinge-line,  where  it 
was  most  needed  (Fig.  163,  t-ii).  Some  shells  combined  both  the 
long  hinge-line  and  the  interlocking  front  (Fig.  163,  c-d).  The  hinges 
them:5elves  were  also  improved  by  the  use  of  different  adapt  at  ions, 
not  easily  described  briefly,  but  illustrated  measurably  in  Fig.  163,  6,  e, 
g,  and  q.  In  addition  to  these  de\'ices  for  preventing  the  opening  of 
the  shell,  there  was  generally  a  thickening  of  the  shell  walls,  and  in 
many  cases  a  ribbing  of  the  exterior  which  gave  strength  without  need- 
less  weight,  and  at  the  same  time  facilitated  the  cronulation  and  inter- 
locking of  the  front  edge  (Fig.  163,  d  and  u).  Correlated  \nth  these 
developments  was  also  a  deepening  and  strengthing  of  the  muscular 
impressions,  which  impUes  a  stronger  and  better  muscular  system  (Fig. 
163,  6,  e,  g,  and  i).  The  introduction  of  the  brachidium  (Fig.  163,  z), 
a  calcareous  support  for  the  fleshy  arms,  is  another  notable  advance. 
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Flu.  163, — Ordoi-ician  Brachiopodx.  a,  Rafintsquina  altemala  (Emmons),  e? 
of  the  concave  bracliial  or  dorsal  valve,  witli  the  cardinal  area  and  triai 
(lelddium  of  tlie  pedicle  valve;  6,  ClilambonilM  anomala  (Schl.),  interior  i 
pt'dicle  valve,  showing  tlie  spondylum;  c-d,  Pialyslrophia  lujtx  (Ech.),  e> 
of  Ihe  pedicle  valve  and  anterior  view  of  a  complete  sliell,  shoving  the  fol 
sinus;  e-g,  IlebcrtcUa  einuoia  (Hall),  interior  views  of  the  two  valves  (6  =  ^ 
{T  — hracliial),  showing  id useular  impressions  and  hinge,  and  the  e\terio) 
complete  sitell  from  tlie  pedicle  side;  'i,  S<Auxttrela  oi'oiis  H.  and  C  ■  the  t 
valve;  i-j,  Lingubtsma  tchucherli  Ulrich,  interior  of  the  braeliial  valve,  sn 
the  [Icvalcd  platform  for  muscular  attachment,  and  the  median  se 
also  a  lateral  view  of  an  internal  cast,  showing  the  platfonns  in  each 
k,  Lingiila  nxlilaleratix  B^raons;  /,  Trematig  miUepunclaia  Hall,  pedicle  v 
a,  complete  xliell,  showing  the  uiimodilied  notch-like  pedicle  opening;  m,  i 
Irvla  fixauit  Kutorga,  a  pedicle  valve  much  enlarged;  n,  Sckizorrama  filosa  ( 
a  hmehial  valve;  o.  Crania  Mia  Hall,  braeliial  views  of  four  indiv 
attached  t«  another  slicll;  p-r,  Stroplunnena  stMerUa  Conrad,  (d)  pro&lt 
<)f  the  concavo-convex  slieU,  (o)  posterior  view  of  a  complete  shell,  showii 
hiiigc-linc,  carclhial  area,  and  deltidium,  (r)  exterior  of  the  concave  pedicle 
x,  (MhiH  Irifenaria  Connul,  exterior  of  the  bracliial  valve  and  the  cardina 
of  tile  pedicle  valve,  showing  the  open  delthyrium;  (-«,  fthijncholrema 
i'onrail,  hrueliial  or.d  anterior  views;  v,  Dalmanetta  testudinaria  (Dal.),  hi 
view;  v,  Leiiirna  ritomdoidalis  W'ilck.;  the  pedicle  valve;  x,  Pledamhtmile 
naa  (Sow.),  Iiracliial  view;  y,  Calaii/ga  headt  (Bill.),  brachial  view;  «,  Zyj 
TprnrririK'tris  (llnll),  interior  of  a  hracliial  valve,  showing  tlie  sjwral  brachid 
position;  iz,  Zi/givpira  erigiia  (Hall),  brachial  view,  figures  A,  i-j,  k,  I. 
and  0  are  inarticulate  brachiopods  belonging  to  the  orders  Alremata  and  i 
mala,  and  sen's  to  illustrate  in  a  measure  the  great  variety  of  these  brach 
iti  tile  Orrioviciaii  faima.  Tlie  remaining  figures  are  articulate  brachi 
/hiiremofn  and  Telolreiiinla.  Figures  y,  i,  and  «  are  spire-bearing  Tdod 
which  firat  appear  in  this  period. 
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A  comparison  of  the  accompanying  figures  with  those  of  the  Cambrian 
brachiopods  will  illustrate,  in  some  degree,  these  evolutions.  All  these 
devices  seem  to  imply  that  the  enemies  of  the  brachiopods  had  in- 
creased in  effectiveness  also,  perhaps  in  somew^hat  like  proportions. 
That  they  did  not  gain  undue  mastery  seems  to  be  implied  by  the 
abundance  of  the  brachiopods.  A  curious  form  was  the  concavo- 
convex  type  (Fig.  163,  p  and  g),  in  which  the  living  space  between  the 
valves  was  reduced  almost  to  a  minimum.  Perhaps  this  also  was  an 
adroit  protective  device  in  that  it  gave  so  much  shell  for  so  little  meat 
that  it  was  scarce  worth  while  for  their  enemies  to  crush  them. 

The  abundance  of  the  bryozoans. — ^The  bryozoans  were  akin  to 
the  brachiopods,  but  their  external  forms,  their  habits  of  life,  and  their 
modes  of  depositing  their  hard  parts  were  so  different  as  to  mask  their 
kinship  in  the  fossil  form.  The  bryozoans  lived  in  colonies,  connected 
bv  a  cononon  mantle  which  secreted  calcareous  material  to  form  the 
base  or  skeleton  of  the  colony.  The?e  secretions  so  closely  resemble 
those  of  the  corals  that  thev  have  often  been  classed  as  corals,  and 
differences  of  opinion  still  exist  relative  to  certain  fona*?,  the  Man- 
ticuUpora  for  example.^  Certain  br}'Ozoan  colonies  formed  hemi- 
spherical masses  much  like  those  of  certain  corals  (Fig.  164,  b).  r)thers 
assumed  branching  forms,  resembling  the  ramose  corals  (Fig.  164, 
h  and  t),  while  still  others  formed  networks  spread  over  other  fossils 
(Fig.  164,  r,  d).  The  individual  pit-like  cavities,  or  colls  {¥\g.  164, 
f,  Qj  /,  and  /)  occupied  by  the  individual  bryozoans  arc  usiuiUy  nmch 
smaller  than  the  cups  of  the  corals,  though  the  smallest  cups  of  the 
corals  are  not  larger  than  the  largest  cells  of  the  bryozoans. 

Judging  by  the  fossils,  the  br}-ozoans  were  very  ran*  in  the  Cam- 
brian fauna,  and  were  not  very  conspicuous  in  the  early  Ordovician, 
but  they  became  abmidant  in  the  middle  and  later  portions  of  the 
period,  when  they  contributed  an  important  element  to  the  rock- 
material.  The  branched  forms  predominated,  but  the  hemispherical 
and  reticulateil  forms  were  not  unconmion. 

The  deployment  of  the  echinoderms. — While  there  is  little  more 
than  a  bare  indication  that  the  echinoderms  were  present  in  Cam- 
brian time,  before  the  close  of  the  Ordovician  period  the  cystoids  had 
mounted  to  their  climax,  the  crinoids  had  become  prominent,  and 

«  "The  Problem  of  the  Monticuliporoidea, "  F.  AV.  Sardeson,  Jour.  Geol.,  Vol.  IX, 
1901   pp.  1-27. 


;he  asteroids,  the  ophiurians,  and  the  echinoids  had  made  t'.'.eir  app 
Mice,   though   scantily  represented.    This   leaves   unrepresented 
>ne  of  the  six  classes  susceptible  of  ready  fossilization,  the  blasto 
aid  even  these  were  foreshadowed  by  the  blastoidean  characten 
some  of  the  crinoids.    Of  all  these,  the  cystoids  were  the  most  pr 


Fig.  16J. — Ordofician  Brijozoans.  a,  Consteliaria  polyslometta  Whitfield;  b,  C 
pora  heinisvlierica  Ulricli;  c-rf,  Slomatopora  dehcalula  (James);  e-/,  Rhtnid 
mulabilis  (Ulricli);  g-h,  Alonticulipora  arbarea  Ulricli;  i-j,  Callopora  puk 
I'Irich;  k,  PhijUoponna  grai  ■■■'•'■•  "•• 
tlir  iil'iiioKt  iiiiiuitierablc  form 

At  times    llipv    contributed 

jinicstones  and  calcareous  shales. 

tive  in  character  and  were  doubtless  most  nearly  like  the  parent  s 
from  which  all  were  derived,  if  indeed  the  cystoids  were  not  the  an 
tral  type.  The  irregular,  unsymmrtrical  forms  of  the  cj-stoids  (Fig. 
a-f)   were  gradually  replaced  by  the  more  symmetrical  and  be 
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wpaized  crinoids  (Fig.  165,  j-n).  Starfishes  and  serpent-stars  (Fig.  165, 
e  and  p)  are  familiar  modem  fonns.  The  crinoids  may  be  likened 
to  starfishes  turoed  face  uppermost  and  fixed  to  the  sea-bottom  by 
t  slum  attached  to  the  center  of  the  back.    The  body  was  gathered 


,   ComaTocijaliii    pimdaiun    Hillings;    h,   Lfpi~ 


Ro.  165. — Ordarifian   Eehinaierms.  -  ,  „  .       .    -  ,- 

dodixni'  eincinnniifwia  (Itoemer);  r,  Fleurocystiii  filitr^liix  Hillinfts;  d,  Ghjplo- 
eyflU  tnultiporiis  BilliiiKs;  e,  Lcpadocyi'lix  moorei  (Mcpk);  /,  Hilroe-nxlis  tiiitra 
iarrande;  g.  Arrhiroerinus  demderalim  Itillin^;  A,  (Hjipftxriniin  decadaclyUi* 
Hall;  i,  Dendrocrinus  polydaeiuluK  (SliuinanJ);  ;',  Anomaliierinini  inciirnis  M.  and 
W,;  t,  EcUmxTinus  grandis  (mil);  (.  IiicTiniix  subrraiuuii  (M,  and  \V.>;  m.  Cara- 
bocriniu  vancorllandlx  Rilling;  n,  Uiihoerinue  tamidus  llillingM;  o,  Tipniaalrr 
r^/iWrv-us  KUingfi;  p,  Pal<raiiier  gtmplrx  Millet  KifCMrcD  a.  b,  r,  d,  e,  /  represent 
various  types  of  cj-stoids  from  the  Ordovieian  founas.  Figures  g.  k,  i,  j,  it.  /,  m, 
and  n  are  criacHds.  Tliese  ej-stoid.i  and  crinoida  constituted  by  far  llie  prentcr 
olement  in  the  ecliinodemi  fauna  of  tlie  Ordovidnn,  Fipire»i  o  and  p  illusirntp 
two  types  of  the  star-ehaped  eeliinodemiii  or  Antirozoa.  tlie  serpent  stars,  or  Ophiu- 
roidea,  o,  and  the  true  starfoli,  or  Asleroidca.  p.     (\\'eller,) 

into  a  cup-like  form  composed  of  closo-fitting  platos  arranged  in  \^i\- 
tamerous  sjTnmetry,  and  crowned  by  a  fringe  of  arms  %ariniifily  an<l 
often  elaborately  branched  (Fig.  ICo,  g-k).  Tlie  upixr  surface  of  the 
body  cavity  was  in  many  cases  closed  over  b>'  a  "  vault  "  or  arch  formed 
of  similar  plates.    The  whole,  aptly  styled  the  calyx,  more  closely 
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resembled  a  flower  in  general  aspect  than  an  animal;  and  the  fan 
name  "sea-lily"  is  not  inappropriate.  Clad  throughout  in  calcar 
plates,  the  crinoids  were  excellent  subjects  of  fossilization  save 
after  the  binding  tissues  decayed,  the  constituent  plates  easily 
apart  and  perfect  specimens  are  rare.  The  stem,  consisting  of  a  a 
of  disks  C'  little  grindstones  ")  perforated  by  a  central  canal,  and 
dered  flexible  by  a  minimum  of  integument,  was  disjointed  wdth  e 
ease.    Limestone  is  sometimes  largely  made  up  of  crinoidal  fragmc 

The  structure  of  the  cystoids  (Fig.  165,  a-f)  was  very  simila 
that  of  the  crinoids,  but  the  body  was  unsymmetrical  both  in  i 
and  in  the  arrangement  of  the  plates.  The  outline  of  the  cys 
was  sometimes  spheroidal  or  ovate,  sometimes  sac-like  or  club-sha 
sometimes  depressed  and  disk-shaped,  with  irregular  departures  : 
all  these  forms.  A  part  or  all  of  the  plates  were  perforated  by  s 
pores  connected  with  internal  canals  supposed  to  be  concerne 
respiration,  this  being  perhaps  the  most  vital  ground  of  distin< 
from  the  crinoids,  which  do  not  usually  show  these.  The  arms 
few  and  irregular,  and  sometimes  wanting;  the  stem  usually  i 
and  tapering,  and  often  unattached. 

Very  little  can  be  said  regarding  the  evolution  of  the  cystoid* 
their  forms  are  so  heterogeneous  and  their  functions  so  little  ki 
that  it  is  not  clear  what  constituted  progress,  and  besides,  they 
so  scantily  represented  in  the  preceding  period,  and  so  soon  dro 
away  after  the  Ordovician,  that  an  insufficient  interval  for  compa 
is  afforded.  The  rise  of  the  crinoids  and  the  displacement  of  the 
toids  by  them  is  doubtless  to  be  regarded  as  a  phase  of  progress, 
two  classes  lived  in  comparative  abundance  through  the  Ordov 
period,  and  on  into  the  Silurian,  but  by  the  close  of  the  latter  p 
the  cystoids  had  greatly  declined,  while  the  crinoids  were  in  the  h 
of  their  abundance. 

The  asteroids  and  ophiurians  (Fig.  165,  o  and  p)  were  not  abur 
in  the  Ordovician,  their  chief  development  being  reached  much 
than  that  of  the  two  preceding  classes.     The  same  is  even  more 
of  the  echinoids,  which  are  barely  represented  in  the  strata  of  Eu 

The  development  of  the   ccelenterates. — Corals  were  sparingly 
ent  in  the  early  part  of  the  period,  increased  measurably  in  the  u 
portion,  and  somewhat  more  markedly  toward  the  close,  but 
were  not  at  any  time  a  very  prominent  factor  in  the  fauna.     Fc 
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greater  part  they  belonged  to  the  simpler  horn-Bhai)ed  type  (Fig.  166, 
•,  h,  and  c).  Compound  corals,  formed  by  colonies  of  polyps  living 
together,  were  present  (Kg.  166,  d  and  e)  and  rarely  formed  reefs. 
The  hydrozoan  branch  of  the  ccelenterates  was  represented  by  Siroma- 
iopora,  which  deposited  thin  films  of  calcium  carbonate  upon  one 
another  concentrically,  ^ving  rise  to  laminated  masses  somewhat 
resembling  concretions  and  often  distinguished  from  them  with  difh- 
culty. 

Much  the  most  important  development  of  the  Ccelenterates  was 
the  rise  of  the  gr^tohtes,  whose  important  function  in  correlation  has 


Fig,  166.-— Ontawon  CoraU.     a-c,  Streplelasnia  comieulum  Hall, 

longitudinal  and  tronaveise  sections,  ahowing  internal  chamct«r».    d,    ,  _ 
ofrratoJa  Goldf.     While   both  ample  and  compound   comb  wore  present  i 
Urdo\*ician  faunas,  they  rarely  formed  great  reef-like  masses,  as  in  later  periods. 

already  been  discussed,  and  which  will  be  further  considered  presently. 
Some  of  the  typical  forms  are  illustrated  in  Fig.  167. 

Other  forms. — Sponges  were  present  and  sometimes  attained  nota- 
ble sizes,  but  they  played  only  a  small  part  in  the  fauna  (Fig.  168). 
AnneUds  were  represented,  but  less  abundantly  than  in  the  Cambrian, 
perhaf>s  because  the  prevalently  muddy  and  calcareous  sea-bottom  of 
the  Ordovician  was  less  congenial  to  them  than  the  Cambrian  sands. 
They  are  represented  not  only  by  burron-s,  but  by  teeth  (Fig.  169). 
Protozoans  were  probably  present,  but  their  minute  and  fragile  shells 
can  be  rec<^nized  only  with  some  uncertainty. 

Implied  life. — If  here,  as  in  the  discussion  of  the  Cambrian  life,  we 
inquire  what  forms  other  than  those  fossilized  are  necessarj'  to  round 
out  a  rational  assemblage  of  life,  a  briefer  answer  may  be  given,  for  the 
Ordovician  fauna  was  a  nearer  approach  to  a  theoretically  complete 
assemblage.  Avast  supply  of  imrecorded  vegetation  must  be  postulated 
as  a  food-Bupply,  as  before,  and  to  provide  a  complete  chain  of  food- 
supplies  for  each  one  of  the  whole  series  of  organisms  that  preyed  upon 


i  another  in  succession,  from  the  plants  up  to  the  master  forms  o 
I  predaceous  animals,  there  must  doubtless  have  been  many  inter 
diate  species  that  are  not  now  known.  The  defensive  investitures  o 
!  louver  forms,  not  fully  accounted  for  by  the  known  Cambrian  specief 
now  much  more  nearly  explained  by  the  prevalence  of  the  cephalc 
Js  and  the  presence  of  fishes;  and  the  armorings  of  these  dominan 
ms  may  have  been  defensive  against  their  own  kind.  The  fact  tha 
irly  all  vegetal  and  animal  tissue  perished,  and  is  not  even  repn 


1.   167. — Ordofician   Graptolitex.     a,  Dichograplvs   oclohrtKkialua   (Hall);   6.  Dip 

Jrnpliui  prwlia  (Hnll)  (restored  by  Rueaemann) ;  c,  Tetragraplus  bigsbyi  (Hal 
d),Difhograplus  loganH^all);  e.'Climacogravtus  bicomis  (Hail);  /,  Retrograp 
eucharix  Hall;  g,  Didi/mograplus  nilidus  (Hall);  h,  Teiragraptti«  jrulicosus  (Hal 
I,  Phijllograptus  iliciloliua  Hall;  ]',  PhijUagraplTts  typus  Hall;  k,  Holograplut  ri: 
ardsoni  (Haii). 

itod  by  organic  deposits  save  in  exceptional  cases,  probably  signifi 
it  bacteria  and  allied  forms  that  are  concerned  in  the  decompositi' 
tissue  were  present  in  abundance.  AVhat  are  interpreted  as  fos 
cteria  are  found  a  little  later  in  some  of  the  earliest  vegetal  tissu 
it  arc  well  preserved,  and  what  seem  to  he  the  characteristic  effec 
bacteria  on  the  tissues  arc  also  then  recognized.  This  gives  suppc 
the  view  that  the  very  general  destruction  of  the  tissues  of  the  high 
dovician  animals  and  plants  was  the  work  of  such  destructive  mici 
nanisms.    The  paucity  of  the  fossil  record  was  therefore  perhaps 
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much  or  more  due  to  tliese  as  to  unfavorable  physical  conditions. 
R&ther  paradoxically  it  may  perhaps  be  said  that  the  very  scantinesa 
of  life  relics  is  due  to  the  abundance  of  certain  forms  of  life. 


Fia.  168.' — Ordorician  Sponges,  a,  ReceplaciiHles  occidenialU  Salter;  b,  Bradiio' 
spongia  digitata  Beecher;  c,  Arclueonjalkus  Tninganemiiit  Billinga;  d,  Sir  .t  ~ 
tpongia  maeulo»a  U.  and  E.;  e.  Ischadiles,  species  undetermined.  The  Rectp- 
laeuliUs  &dA  Isehadita  have  aomelimes  been  regarded  as  giant  foraminifeis. 

Ecological,  social,  and  mental  development. — It  is  not  necessary 
to  more  than  briefly  recur  to  the  ecological,  social,  and  psychological 
considerations  to  which  attention  was  called  in  the  discussion  of  the 
Cambrian  life,  for  they  remain  essentially  the  same,  save  that  the  ampler 


1^^ 


Fig.  169. — Ordovieian  Annelids,  a,  ArabcUiies  romutJis  Hinde;  6,  Glx/cerites  ffuZ- 
eatas  Hinde;  c,  EunitHei  gracilis  Hinde;  rf,  Arabellites  oralis  Hinde;  e,  Euni- 
nfrs  ronaiu  (Grimtell);  /,  OerumH^s  roslralttx  Hinde;  ^.Orlonia   minor  Nichobwi. 


to  other  al 


reted  by  s 


nelids  attached 


de\-elopment  and  better  preser\-ation  of  the  0^do^■ician  fauna  ^ve 
greater  definiteness  to  the  problems  and  supply  more  data  for  their 
elucidation.  It  seems  clear  that  the  adaptation  of  the  various  forms  of 
life  to  one  another  and  to  their  physical  environment  had  reached  a 
hi^er  stage  of  adjustment,  indeed  a  degree  of  adjustment  not  very 
greatly  inferior  to  that  which  now  prevails  among  the  corresponding 
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ders;  and  it  is  not  improbable  that  the  mental  development  aL 
►proached  somewhat  nearly  to  that  now  possessed  by  corresponding 
w  types.  Higher  biological  types  within  the  same  orders  have  ce 
inly  been  developed  since  in  many  cases,  and  probably  higher  ment 
nctions;  but  some  of  the  Ordovician  forms  have  since  suffered  bi 
^ical  degeneration,  and  probably  also  mental  degeneration.  Tl 
rdovician  ancestor  of  the  barnacle,  a  free-moving  active  form,  w 
)ubtless  superior  to  his  sessile  descendant  of  ill-repute.  The  su 
tal  of  ecological  adaptation,  and  of  social  and  mental  developmer 
)wever,  seems  to  have  advanced  with  each  era,  though  perhaps  n 
ways  with  each  of  the  briefer  stages. 

The  Succession  of  Faunas. 

I.  The  Fauna  of  the  Calciferous. — The  Calciferous  in  its  typical  devel( 
3nt,  in  New  York  and  the  interior,  is  usually  very  poor  in  fossils,  and  these  i 
orly  preserved.  It  is  therefore  difficult  to  find  species  that  have  a  wide  g 
aphical  range  and  yet  are  knowni  to  be  so  closely  confined  to  this  horizon 

be  characteristic  of  it.  Of  the  species  so  regarded  the  most  widely  av; 
le  is  the  gastropod,  Ophileta  complanata  (Fig.  161,  A;  and  I). 

Certain  genera  are  usually  present,  however,  in  most  faimas  of  this  age,  amc 
lich  may  be  mentioned  Tryhlidium  and  Eccyliomphalus  among  tTie  gastropo 
mtrophia  and  Camarella  among  the  brachiopods,  Orthoceras  and  other  gen 
long  the  cephalopods,  and  Bathyuru^  among  the  trilobites. 

Doubtless  many  more  or  less  imperfectly  known  species  are  really  characi 
ic  of  the  formation,  but  are  not  sufficiently  prevalent  and  well  preserved 
VQ  good  evidence  of  it.  Of  connecting  species,  and  hence  not  characteris 
es,  there  is  a  small  list  of  which  some  range  below  and  some  above.  For 
eater  part,  the  fossils  are  so  sparse  and  so  imperfect  that  their  range  and  i 
ficancc  is  not  determinable.  In  the  Champlain  and  the  lower  St.  LawTe 
illeys  where  the  formation  is  greatly  thickened  and  appears  to  be  less  shar 
3tinguished  from  the  formations  below  and  above,  a  more  ample  fauna  is  fou 
d  in  it  more  species  that  range  into  the  overlying  and  underlying  format i( 
lirty-five  genera  and  one  hundred  species  are  announced  from  the  vicinit) 
ike  Champlain,  but  the  ranges  of  these  have  not  yet  been  determined.* 

Ill  the  shales  of  the  L^vis  formation  in  the  lower  St.  Lawrence  Valley  m; 
aptolites  are  found.  These  belong  to  the  Phyllograptus  zone,  which  embn 
e  subzones  of  Tetragraptus  and  of  Didymograptus  bifidus.^  They  repres 
horizon  corresponding  to  the  Arenig  of  Great  Britain.     The  Tetragraptu 

»  Brainard  and  Seeley,  Bull.  Geol.  Soc.  Am.,  Vol.  I,  1890,  pp.  501,  513;  Vol. 
91,  pp.  293,  300;   Whitfield,  ib..  Vol.  I,  pp.  514,515. 

*  Lapworth,  Trans.  Roy.  Soc.  Can.,  1886;  also  Ann.  Rep.  Geol.  Surv.  Can.,  1877 
irt  II,  p.  45K;   also  Ann.  Nat.  Hist.,  5th  Series,  Vol.  VI,  1880,  p.  197. 
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regarded  as  marking  the  lowest  horizon  of  the  Ordovician.  Of  the  graptolites 
illustrated  in  Fig.  157  those  designated  a,  c,  d,  g,  i,  /,  A:,  and  I  belong  to  the  Phyl- 
lograptus  zone,  the  most  of  them  to  the  lower  subzone.  If  this  horizon  could 
be  traced  to  the  interior,  the  lower  limit  of  the  Ordovician  would  there  be  fixed 
on  excellent  paleontological  grounds  and  on  an  intercontinental  basis.  Unfor- 
tunately, the  correlation  of  the  graptolite-bearing  L^vis  beds  of  the  St.  Lawrence 
basin  with  beds  in  the  interior  is  attended  by  grave  difficulties  on  account  of 
the  contortion  and  faulting  the  L^vis  has  suffered,  and  the  absence  of  grapto- 
lites from  typical  beds  of  the  interior.  The  correlation  has  therefore  been  the 
subject  of  much  difference  of  opinion.  There  appears  to  be  a  series  of  beds  of 
great  thickness  below  the  L^vis  that  is  referable  to  the  Calciferous,  which  implies 
that  the  graptolite  beds  are  not  as  old  as  the  oldest  Calciferous,  but  they  have 
ne\-ertheless  usually  been  referred  to  the  Calciferous,  and  the  latter  placed  in 
the  Ordovician.  If,  however,  it  shall  ultimately  prove  that  the  PhyUograptus 
beds  lie  above  the  unconformity  at  the  summit  of  the  Calciferous  in  New  York 
and  its  equivalent  in  the  interior,  or  shall  be  found  to  represent  that  unconformity 
itself,  the  paleontological  and  the  physical  planes  of  division  will  be  brought 
into  harmony,  and  the  original  Calciferous  will  be  referable  to  the  Cambrian. 
There  are  graptolite  beds  in  Arkansas  and  Nevada  that  belong  to  the  same 
general  horizon  as  those  of  the  L^vis,  though  they  present  peculiarities,  but 
they  cannot  be  closely  correlated  stratigraphically  with  the  original  or  typical 
Calciferous. 

2.  The  Chazy  Fauna. — The  recorded  fauna  of  the  Chazy  is  much  more  ample 
than  that  of  the  Calciferous,  and  is  closely  related  to  the  Mid-Ordovician  fauna, 
of  which  it  was  an  immediate  forerunner  in  a  closer  and  more  obvious  sense  than 
was  the  Calciferous  fauna  a  forerunner  of  the  Chazy.  Maclurea  magna  is  regarded 
as  the  most  characteristic  fossil,  and  next  to  it  perhaps  is  CamarotcBchia  plena. 
Other  fossils  regarded  as  essentially  characteristic  are  the  brachiopods,  Heber- 
Ulla  impcratory  H.  costatis,  Dinorthis  platys,  Lingula  lycUij  L.  huronensisj  and 
Rhynchonclla  orierUalis;  the  gastropods,  Pleurotomaria  calyx,  Meioptoma  cluhia; 
the  pelecj^xxi,  Modiolopsis  parviuscula;  the  corals,  Columnana  inccrta,  C.  parva^ 
Streptelasma  expansum;  the  c)rstoids,  Malocystis  murclmonia,  Pakeocystis  tenui- 
radxatus;  the  trilobites,  Bathyurus  angelini,  Amphion  canadcnse,  Amphyx  haUi, 
Harpes  antiqucUus,  lUcenus  arciurus,  and  the  ostracodc.  Leperditia  canadensis. 
Some  species  found  in  the  Chazy  range  upwards  into  the  Middle  Ordovician 
and  bind  the  Chazy  fauna  to  it,  and  a  few  range  down  into  the  Calciferous. 
The  Chazy  fiuna  is  fairly  well  characterized  in  the  Champlain  and  St.  Lawrence 
Valleys,  but  in  the  interior  and  west  it  is  not  distinctly  differentiated,  but  appears 
to  be  lost  in  a  larger  assemblage  of  forms.  It  is  hence  inferred  that  it  came  in 
from  the  east  and  mingled  \\ith  resident  forms.  Perhaps  it  developed  in  part 
in  the  St.  Lawrence  emba>Tnent  before  it  was  united  with  the  interior  sea  after 
the  stage  of  separation  implied  by  the  inconformity  mentioned  above.  It  is 
there  that  it  has  its  closest  relations  to  the  Calciferous  fauna,  or  at  least  to  the 
eaMem  phase  of  that  fauna. 

3.  The  Mid-Ordoyidan  Fauna. — While  the  special  group  of  forms  that  con- 
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tuted  the  Chazy  fauna  probably  came  into  the  great  interior  sea  of  Mid-Or 
nan  times  from  the  eastward,  and  thus  contributed  to  its  fauna  by  immi| 
►n,  there  is  reason  to  think  that  other  species  had  developed  indig  nously 
e  southern  and  western  portions  of  that  sea,  and  that  stiU  others  came  in  fi 
e  other  coast  regions  with  which  connections  were  had.  In  the  G  eat  Baj 
3per  Cambrian  species  are  found  to  mingle  with  Ordovician  species  throi 
notable  vertical  range.  This  implies  that  the  transition  was  indigenous  th< 
d  that  the  sea  was  persistent.  It  seems  also  to  imply  either  that  the  Cj 
ian  fauna  was  prolonged  there  or  that  some  species  that  are  best  known  Is 
the  Mississippi  basin  and  the  Atlantic  province  came  in  there  relatively  eai 
r  example,  Orthis  testudinariaj  which  abounds  in  the  Middle  and  Upper  Or 
sian  of  the  Mississippi  and  Atlantic  provinces  and  occurs  in  the  Lland 
[id-Ordovician  of  Great  Britain),  is  found  associated  with  Dikellocepfu 
d  Ptychoparia  (Cambrian  genera)  in  Nevada.*  In  Tennessee  and  Kentu* 
ere  was  a  long  period  preceding  the  climax  of  the  Mid-Ordovician  fauna,  dm 
lich  there  flourished  an  abundant  fauna  made  up  of  species  common  in 
terior  and  western  regions,  but  only  sparsely  represented  in  the  Chazy  hori 

the  Champlain-St.  Lawrence  embayment.  These  and  similar  facts  warr 
e  view,  which  is  to  be  held  merely  as  tentative  in  the  present  state  of  inve 
tion,  that  the  Mid-Ordovician  fauna  of  the  interior  is  to  be  regarded,  not 
e  simple  successor  of  the  Chazy  fauna,  or  of  any  single  earlier  fauna,  but 
e  common  product  of  faimal  elements  derived  from  the  coast  regions  on 
irious  sides  of  the  continent,  conmaingled  with  resident  forms  that  had  evol 
3m  the  Cambrian  fauna  in  the  interior  sea.  This  interior  sea  was  m 
ntracted  on  the  north  and  east  at  the  close  of  the  Calcife  ous  stage,  but  d 
»t  appear  to  have  been  wholly  withdrawn.  The  contraction  doubtless  led 
ovincial  evolution  in  the  residual,  more  or  less  dissevered  portions;  but  w 
e  readvance  of  the  sea  that  took  place  at  the  beginning  of  the  Mid-Ordo\4ci 
e  subfaunas  so  developed,  commingled,  and  a  common  evolution  took  ph 
lis  Mid-Ordovician  fauna  is  therefore  only  locally  and  partially  to  be  regan 

the  successor  of  the  distinctive  Chazy  fauna  or  of  any  other  invading  fau 

The  Mid-Ordovician  fauna  was  very  prolific,  and  it  is  made  to  seem  sin 
rly  so  by  contrast  with  the  scantiness  of  the  Calciferous  fauna.     It  is  not 
!  characterized  by  a  few  species,  as  in  the  preceding  cases,  but  rather  by 
eatness,  variety,  and  cosmopolitan  character  of  its  assemblage  of  thousai 

species  from  various  outside  and  inside  sources  of  derivation.  Its  nat 
ay  be  gathered  by  reviewing  the  forms  illustrated  in  Figs.  157-169  inclusi 
aitting  the  graptolites,  a  portion  of  the  bryozoans,  and  a  few  other  spe( 
tecially  mentioned  under  the  other  Ordovician  faunas.  The  general  aspect 
ese  groups,  when  commingled,  gives  the  general  aspect  of  the  Mid-Ordovie 
una.  Locally  there  were  modifications,  such  as  gave  rise  to  the  Birdse 
lack  River,  Galena,  and  other  special  subfaunas  of  more  or  less  local  imp 
nee.    There  were  also  stages  of  progress  common  to  wide  areas  that  were  marl 

»  Walcott,  Pal.  Eureka  Dist.  Mon.,  VIII,  U.  S.  Geol.  Surv.,  1884,  p.  1. 
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by  the  incoming  or  outgoing  of  particular  species  or  groups  of  species.  These 
represent  the  evolution  of  the  faima  in  a  broader  sense.  For  the  greater  part 
these  stages  are  yet  to  be  worked  out  into  precision  and  detail,  though  clearly 
lecognizable  in  g^nerar  terms. 

4.  The    Upper  Ordoyidan  Fauna. — The    closing  fauna  of  the  Ordovician  in 

North  America  retained  most  of  the  characteristics  of  the  Middle  fauna,  from 

which  it  was  directly  descended  without  radical  modification  due  to  interruption 

of  the  controlling  conditions.    The  chief  change  in  the  physical  influences  lay 

in  an  increased  prevalence  of  silt  sedimentation  and  in  the  shaUowing  and  final 

withdrawal  of  the  great  epicontinental  seas.     With  the  development  of  the  silt 

sedimentation  there  came  a  very  notable  increase,  relatively  at  least,  in  the 

bryozoans  (Fig.  161,  a  and  b)  and  of  the  graptolites  (Fig.  167,  6,  e,  and  /).     The 

pelec>'pods  were  favored  by  the  mud  bottoms  and  became  prolific.    More  than 

eighty  species  have  been  identified  in  a  limited  district  in  southern  Ohio  and 

Indiana.*    There  was  a  relative  decline  in  the  number  of  gastropods,  cephaloixKis^ 

and  trilobites,  and,  in  general,  the  fauna  was  perhaps  less  prolific;  at  least  this 

ippears  to  be  so  from  the  larger  proportion  of  matter  of  inorganic  derivation 

to  that  of  organic  derivation. 

The  closing  phase  of  the  Upper  Ordovician  was  the  \\ithdrawal  of  the  fauna 
of  the  interior  as  a  necessary  attendant  of  the  withdrawal  of  the  interior  sea. 
The  succeeding  fauna  contained  an  almost  entirely  new  assemblage  of  species^ 
though  many  of  the  genera, remained  the  same.  In  the  St.  Lawrence  embay- 
ment,  the  Odovician  fauna  lingered  longer  and  was  gradually  changed  into 
or  replaced  by  the  Siliu*ian  fauna.  Probably  the  same  was  true  in  other  embay- 
ments  on  the  border  of  the  continent  and  along  its  coast  generally. 

The  Ordovician  Fauna  of  Other  Continents. 

Much  the  same  general  lines  of  progress  were  followed  on  other  continents, 
and  the  general  aspects  of  the  successive  subfaunas  were  much  like  those  of 
the  American  continent.  Usually  the  genera  were  the  same,  but  the  species 
as  a  rule  were  different,  though  they  often  bore  a  close  resemblance  to  the  Ameri- 
can species.  In  northwestern  Europe,  with  which  the  means  of  migratory  com- 
munication seem  to  have  been  the  freest,  not  a  few  common  American  species 
flourished,  such  as  Dalmanella  testudinaria,  Platystrophia  biforataj  Dinorthis 
porccUa,  Leptana  rfwmboidaliSf  Plectambonites  sericeus,  Halycites  catenulatuSj  and 
Trinucleus  concentricus.  In  Asia,  so  far  as  present  limited  information  goes, 
the  s[)ecies  were  nearly  all  different,  the  wide-ranging  graptolites  excepted,  thou  !i 
Halyntcs  calenulaius  and  Plectambonites  sericeus  are  found  in  China.  The  stages 
of  progress  in  the  shallow-water  faunas  of  the  Old  and  New  World  are  to  be 
regarded  rather  as  parallel  than  as  identical.  The  evolution  in  Europe,  where 
alone  details  have  been  well  worked  out,  was  usually  on  less  broad  lines  than 
that  of  the  American  interior,  for  the  obvious  reason  that  the  epicontinental 
were  more  limited  and  more  interrupted  by  barriers. 

» Uhrich,  GeoL  Surv.  Ohio,  Vol.  VII,  1893,  pp.  626-693. 


CHAPTER  VII. 

THE   SILURIAN  (UPPER  SILURIAN)  ^   PERIOD. 

Formations  and  Physical  History. 

The  physical  changes  which  brought  the  Ordovician  period  to 
lose  marked  also  the  inauguration  of  the  Silurian.  These  chang 
will  be  recalled,  involved  (1)  movements  which  affected  small  an 
itensely  (orogenic),  and  (2)  movements  which  affected  broad  an 
ightly  (epeirogenic).  From  the  standpoint  of  continental  histo 
le  gentler  movements  were  the  more  significant,  since  they  affee 
irger  areas.  It  is  not  to  be  understood  that  these  changes,  whet 
rogenic  or  epeirogenic,  were  sudden  or  violent.  Rather  is  it  to 
apposed  that  the  formation  of  mountains  and  the  emergence  of  la 
arts  of  the  North  American  continent  from  the  epicontinental 
^hich  had  covered  it  during  the  Ordovician  period,  occupied  a  c 
dcrablc  interval  of  time,  including  the  later  part  of  the  Ordovic 
nd  the  early  part  of  the  Silurian.  After  these  changes  had  tal 
lace,  the  area  of  land  sho\vn  in  Fig.  129  was  greatly  enlarged,  ^ 
uloed  more  considerable  than  at  any  previous  tune  since  the  et 
ambrian  (see  Fig.  90,  p.  220).  With  the  increase  in  the  area  of  h 
luic  lengthened  streams,  and  presumably  increased  erosion,  thoi 
le  land  areas  were  probably  not  of  sufficient  extent  to  give  rise 
treams  equal  in  size  to  the  largest  of  those  of  the  present  time. 

Could  the  relations  of  land  and  water  at  the  beginning  of  the  Silui 
c  accurately  defined,  their  statement  would  at  the  same  time  de: 
1  a  general  'way  the  areas  where  the  earliest  sedimentation  took  ph 
^ot  only  this,  but  it  would  also  define  in  a  general  way  the  areas  wl 
alimentation  was  rapid  and  where  slow,  for  then,  as  always,  s 
roas  must  have  stood  in  more  or  less  definite  relation  to  the  sh< 
f  the  oceans.    It  is  safe  to  assume  that  at  the  opening  of  the  Silui 

*  When  the  name  Lower  Silurian  is  used  instead  of  Ordovician,  Upper  Silu 
used  in  place  of  Silurian^  as  that  terni  is  here  used. 
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period  beds  of  clastic  sediments  were  accumulating  about  the  in 
diate  borders  of  the  lands,  and  as  far  out  as  waves  and  currents 
able  to  transport  abimdant  detritus  from  the  land,  and  that  elsew 
sediments  of  organic  origin  were  relatively  more  important.    The 
sedimentation  was  interrupted  in  the  regions  which  emerged  1 
the  sea  during  the  transition  from  the  Ordovician  period  to  the  Silu 
it  must  be  assimied  that  such  interruption  was  not  universal,  and 
where  it  did  not  take  place,  the  Silurian  strata  are  conformabl 
the  Ordovician.    It  may  be  assumed  further  that  at  each  sta^ 
the  Silurian  period,  the  exposed  portions  of  each  older  formation 
contributing  to  the  system  then  in  process  of  formation.    The  ; 
of  sedimentation  at  any  particular  stage  of  the  Silurian  cannot 
be  determined  by  the  geography  of  that  stage;  rather  is  the  geogr 
of  the  successive  stages  of  the  period  determinable  in  some  me 
by  the  successive  areas  of  sedimentation. 


Subdivisions  of  the  Silurian  System. 

The  Silurian  system  of  rocks  is  divided  into  a  number  of  f omu 
or  series  of  formations.  The  principal  subdivisions  which  have 
commonly  recognized  in  America  are  given  below. 

The  Helderberg  series,  though  sometimes  classed  as  Silurif 
here  classed  with  the  next  later  (Devonian)  system. 

[(Lower)  Helderberg?] 
5.  Salina 
4.  Niagara 
3.  Clinton 
2.  Medina 
1.  Oneida 

In  place  of  the  above  classification,  the  following  has  recently 
proposed  for  New  York :  ^ 


Ontaric  ' 

or 
Siluric 


Cayugan 
Neontaric 


Niagaran 
(Mesontaric) 


Oswegan 
(Paleontaric 


Manlius  limestone 
Rondout  waterlime 
Cobleskill  limestone 
Salina  beds 
Guelph  dolomite 
Lockport  limestone 
Rochester  shale 
Clinton  beds 
Medina  sandstone 
Oneida  conglomerate 
,  Shawangunk  grit 


1  Clark  and  Schuchert,  Science,  Vol.  X,  1898,  p.  876,  and  Am.  Geo!.,  Vol. 
1900.     Slightly  modified  by  Hartnagel,  N.  Y.  State  Mus.  Bull.  69,  1903,  p.  116 
'  The  term  Ontaric  was  first  used  in  this  sense  by  Emmons  (Agr.  of  N.  Y., 
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The  principal  subdivisions  of  this  classification,  modified  as  below, 
will  be  followed: 


Silurian  < 


Cayugan 

(Neo-  or  Upper  Silurian) 
Niagaran 

(Meso-  or  Middle  Silurian) 
Osweean 


eg; 


(Paleo-  or  Lower  Silurian) 


In  this  case  there  is  some  objection  to  the  use  of  the  terms  Lower, 
Middle^  and  Upper  Siliman,  since  Lower  Silurian  has  been  used  as  a 
synonym  for  Ordovician,  and  Upper  Silurian  for  Silurian,  as  that  term 
is  here  employed.  The  subdivisions  in  the  third  column  of  the  above 
table  (p.  370)  are  to  be  accepted  for  New  York,  but  are  not  all 
applicable  to  other  regions. 

A  brief  sketch  of  the  nature  and  distribution  of  these  principal 
subdivisions  of  the  system  will  throw  much  light  on  the  history  of 
the  continent  during  the  Silurian  period. 

The  Oswegan  Series. 

The  Oneida  fonnation. — The  lowest  and  therefore  the  oldest  for- 
mation of  the  Silurian  system  is  the  Oneida.    It  appears  at  the  surface 
at  various  points  in  the  Appalachian  belt  south  of  the  Shawangunk 
(pronoimced  Shongum)   mountains   (N.  Y.),   though  different  names 
are  applied  to  it  in  different  regions,  and  it  is  not  everywhere  separated 
from  the   succeeding  Medina.    To   the  south,   the  formation  seems 
to  be  restricted  to  the  western  part  of  the  Appalachian  system.    Since 
the  formation  appears  to  rest  conformably  on  the  Ordovician,  it  is 
inferred  that  sedimentation  was  not  interrupted,  in  the  region  where 
the  formation  occurs,  during  the  transition  from  the  Ordovician  period 
to  the  Silurian. 

The  Oneida  formation  of  the  Appalachian  belt  is  not  kno\\Ti  to 
extend  west  of  the  mountains,  and  it  is  now  believed  to  have  been 
accumulated  in  a  narrow  basin  within  the  present  Appalachian  belt, 
completely  shut  off  from  the  great  mterior  (see  Fig.  182,  p.  390).  It 
L?  not  known  whether  the  area  where  it  occurs  was  submerged,  or 
whether  it  was  the  site  of  subaerial  deposition.  The  fact  that  the 
fonnation  is  without  fossils  lends  color  to  the  view  that  its  sediments 

pp.  141-152),  in  1846.    It  had  been  used  earlier  in  a  more  restricted  sense  (Mather  Xat 
t.  of  N.  Y.,  Pt.  IV,  pp.  353-4. 
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were  deposited  on  land,  or  in  an  enclosed  body  of  water  not 
connected  with  the  sea.  On  the  other  hand,  the  materials  of 
parts  of  the  formation  are  so  perfectly  assorted,  and  the  p 
so  thoroughly  rounded,  as  to  suggest  wave  rather  than  stream 
If  the  formation  is  of  marine  origin,  the  coarseness  of  the  sedi 
may  help  to  explain  the  absence  of  fossils,  for  where  coarse  sedi 
are  gathering,  shells  are  more  likely  to  be  destroyed,  and  sc 
they  are  buried,  they  are  likely  to  be  dissolved  at  a  later  time  b 
of  the  free  circulation  of  water  through  the  porous  beds. 

South  of  Lake  Ontario  there  are  beds  which  have  been  clas 
Oneida.  They  are  fossiliferous  and  clearly  associated  with  the  J 
formation  of  the  region.  They  are  believed  to  have  been  dej 
in  waters  which  were  separated  from  the  Appalachian  basin  a 
referred  to.  The  term  Shawangimk,  applied  to  the  eastern  b 
not  applied  to  the  more  westerly  ones. 

The  Shawangunk  (or  eastern  Oneida)  formation  is  about  5( 
(maximum)  thick  in  New  York,  and  800  feet  in  Pennsylvania.* 
in  its  constitution  and  structure  it  bears  the  marks  of  shallow 
(or  subaerial)  deposit,  being  chiefly  of  sandstone  and  congloi 
often  cross-bedded  and  ripple-marked.    The  materials  of  the 
tion  seem  to  have  been  derived  from  older  lands  to  the  east. 
are  essentially  quart zose,  and  represent  the  products  of  rock 
rather  than  of  rock  breaking.    The  abundance  of  quartz  pebbl 
gests  that  the  metamorphic  rocks  of  Appalachia  had  long  been 
going  decay  before  the  advent  of  the  Oneida  epoch,  but  that  tl 
surface  had  stood  so  low  as  not  to  allow  of  the  removal  of  the 
products   of   decomposition.    If,   following  such  a   period,   th 
were  elevated,   rejuvenating  the  streams,   such  material  as  1 
which    the  Oneida  formation  is  composed  would  have  been 
down  to  the  sea  or  to  low-lying  lands.    The  character  of  the 
vician  beds  (limestone  and  fine  sediments)  in  the  region  of  the 
formation  is  consistent  with  the  sequence  of  events  here  sug 

The  Oneida  formation,  composed  at  the  outset  of  durable  ma 
has  been  so  thoroughly  indurated  by  compression  and  cementa 
to  become  exceedingly  obdurate.  The  outcropping  edges  of  it 
bods  (Fig.  171)  constitute  the  crest  of  the  Kittatinny  range  i 
York,  New  Jersey,  and  Pennsylvania  (Fig.  172).  Not  only  d< 
Oneida  conglomerate  constitute  the  crest  of  this  range,  but  tb 
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wst  were  carried  away.    The  same  formation  (the  Oreon  Pond  Moun- 
tain conglomerate)  appears  also  in  tlie  Green  Pond  iiiountaiii  of  New 


IB.  172.— The  Delaware  Water  Gap      The  crest  of  tlie  ti 
barbcrDund  ia  tbe  crest  of  the  Kitlatinny  range  made  l>y  tlie  resistuiit  Oneida 
eonfclomerate. 

■rsey,  and  in  its  northmird  continuation  in  New  York.  The  outcrop 
'  tbe  Oneida  is  also  conspicuoii.-!  fartlier  south,  and  for  the  same  reason. 
The  Medina  fonnation.  —  Tlie  Medina  formation,  consisting  of 
ndstone  and  shale  (including  the  Longwood  sliale  of  tlie  fireeii  Pond 
ountain  re^on),  overlies  the  Oneida.    It.*  materials,  like  those  of 
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the  Oneida,  appear  to  have  been  accumulated  in  shallow  watei 
possibly  on  land.  This  is  shown  by  the  cross-bedding,  the  ri] 
marks,  etc.,  which  affect  the  surfaces  of  its  layers.  In  view  of  t 
facts,  and  in  view  of  the  physical  similarity  of  the  two  formations 
of  the  conformity  of  the  younger  on  the  older,  it  is  inferred  thai 
deposits  of  the  Medina  stage  followed  those  of  the  Oneida  wit 
interruption  where  both  formations  are  present.  Like  the  ea^ 
Oneida,  the  eastern  (Appalachian)  Medina  seems  to  have  been  depo 
in  a  basin  which  had  no  connection  with  the  interior.  Beds  class( 
Medina  are  also  found  south  of  Lake  Ontario,  where  they  overlie 
Oneida  of  the  same  region.  They  appear  at  the  surface  as  far  we 
eastern  Ohio  and  Ontario,  where  they  thin  out  and  disappear, 
of  this  longitude,  the  formation  has  not  been  identified. 

The  Oneida  and  Medina  formations  south  of  Lake  Ontario  coi 
marine  fossils,  showing  that  an  interior  sea  existed  in  this  regie 
early  Silurian  time.  The  distribution  of  the  two  formations  indi 
a  more  extended  sea  in  the  later  than  in  the  earlier  epoch,  and  p 
to  a  subsidence  of  the  eastern  interior  during  the  early  part  o 
Silurian  period.  By  the  close  of  the  Medina  epoch,  as  the  distrib 
of  the  Medina  formation  shows,  the  area  of  deposition  had  beenexte 
at  least  as  far  west  as  Ohio  (the  Cincinnati  arch). 

The  Medina  formation,  which  has  but  a  narrow  outcrop  in  non 
New  York,  is  probably  continuous  beneath  yoimger  strata  over 
of  the  state  south  of  Lake  Ontario  and  the  Mohawk  valley,  and  w( 
the  Appalachian  basin,  and  farther  south  over  considerable  areas 
of  the  Appalachians.     Nothing  is  known  of  the  sediments  which 
have  been  accumulating  along  the  eastern  border  of  Appalachia 
of  those  about  the  other  land  areas  of  the  time.    Though  the  O 
and  Medina  formations  are  unknoTvn  both  in  the  interior  west  of 
and  in  the  western  part  of  the  continent,  it  is  possible  that  s 
which  are  their  time-equivalents  exist  in  some  parts  of  this  vasi 
ritory.     If  they  anywhere  appear  at  the  surface,  they  have  not 
identified. 

In  Pennsylvania,  the  eastern  (Appalachian)  Medina  formatioi 
a  maximum  thickness  of  something  like  1800  feet.    This,  it  is  1 
remembered,  was  near  a  great  land-area  to  the  east  whence  the 
ments  were  doubtless  derived.     West  of  the  Appalachian  belt 
formation  is  much  thinner,  having  in  Ontario  a  thickness  of  300  U 
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feet.  The  material  for  that  part  of  the  formation  which  lies  in  northern 
New  York  and  Ontario  probably  came  from  the  north.  The  lesser 
thickness  of  the  formation  in  this  region,  as  compared  with  that  of 
Pennsj'lvania,  suggests  either  that  the  rate  of  accmnulation  was  slower, 
or  that  the  formation  in  Ontario  does  not  represent  the  full  series  of 
beds  belonging  to  the  epoch. 

The  Ni  AG  ARAN  Series. 

The  Clinton   formation. — The    formation   next   younger  than   the 
Medina  is  known  as  the  Clinton  formation.    Where  the  younger  forma- 
tion overlies  the  older  they  are  generally  conformable,  but  the  distri- 
bution of  the  two  is  so  different  as  to  indicate  that  geographic  changes 
of  importance  were  in  progress  as  the  Silurian  period  advanced.    The 
Clinton  formation  extends  farther  east  and  farther  west  than  the  Medina, 
indicating  an  expansion  of  the  eastern  interior  sea  in  both  directions. 
To  the  westward  the  Clinton  extends  to  Lake  Huron  and  Indiana,  and 
perhaps  to  northern  Illinois  and  eastern  Wisconsin,  and  even  to  north- 
eastern Missouri.    If  it  extends  so  far  west,  it  is  made  up  of  beds  which 
have  usually  been  classed  as  Niagara.    It  is  not  known  whether  the 
Qncinnati  arch  was  submerged  at  this  time,  or  whether  it  was  an  island 
in  the  Clinton  sea.     Southern  Indiana  and  southern  Illinois  seem  not 
to  have  been  submerged.    The  Clinton  formation  also  occurs  in  the 
Appalachian  mountains  as  far  south  as  Alabama  and  Georgia.    It 
seems  probable  from  the  evidence  now  in  hand  that  the  elongate  basin 
in  which  the  sediments  of  the  Clinton  formation  of  this  mountain  belt 
accumulated  was  separated  from  the  interior  sea,  or  at  least  not  freely 
connected  with  it.    This  inference  is  based  chiefly  on  the  dissimilarity 
of  the  faunas  of  the  beds  classed  as  Clinton  in  the  Appalachian  belt  and 
in  the  interior. 

Sedimentary  beds  which  are  believed  to  belong  to  the  Clinton  epoch 
have  been  recognized  in  Nova  Scotia  (a  part  of  the  Anticosti  series)  and 
at  a  few  other  places  northeast  of  the  United  States.  In  this  region 
marine  sedimentation  was  probably  continuous  through  the  Ordovician 
and  Silurian  periods,  and  the  correlation  of  the  strata  with  those  of 
the  interior  is  attended  with  difficulty  and  uncertainty.  The  materials 
for  these  beds,  so  far  as  clastic,  were  probably  derived  from  land  to  the 
west. 
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The  variations  in  the  cliaracter  of  the  Clinton  beds  in  diffei 
locaUties  are  not  without  significance.  In  the  Appalachian  mounts 
the  Clinton  sediments  were  largely  sand  and  mud,  now  in  the  condi 
of  sandstone  and  shale.  In  western  New  York  and  beyond,  mucl 
the  formation  is  limestone,  showing  that  the  seas  of  that  region  \ 
relati^'ely  clear,  and  that  organic  sediments  predominated  over  cla 
Brj'ozoan  reefs,  resembling  coral  reefs,  occur  in  this  formation  in  n 
em  New  York.'    The  limestone  does  not  mean  that  the  water  was  n€ 


sarily  deep,  but  rather  that  tlio  water  in  which  it  was  deposited  wa 
noarl>-  free  from  clastic  sediments  tliat  the  shells,  etc.,  constituted 
principal  part  of  the  deposit  made.  Shell-bearing  life  may  be  jus 
aljundant  where  sand  and  mud  are  accumulating  as  elsewhere,  bu 
this  case  the  protluct  is  not  limestone,  but  sandstone,  shale,  etc.,  < 
taining  shells. 

'  Siirle.  Am.  Gcol..  Vol.  28,  p.  282. 
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One  of  the  notable  features  of  the  Clinton  formation  is  the  presence 
in  it  at  many  points  of  iron  ore.  Chemically,  the  ore  is  generally 
in  the  form  of  hematite.  Physically,  it  is  often  made  up  of  small 
concretions  which  so  resemble  flaxseed  in  size  and  shape  as  to  have 
suggested  the  name  "  flaxseed ''  ore.  Locally  it  is  knoAvn  also  as ''  fossil" 
ore  from  the  abundance  of  fossils  which  it  contains.  The  ore  is  kno\\Ti 
at  niany  points  between  New  York  and  Alabama,^  as  far  west  as  AMs- 
wnsin  ^  (where  it  is  the  only  representative  of  the  formation  which 
ha?  been  commonly  recognized),  and  as  far  northeast  as  Nova  Scotia^ 
The  ore  beds  are  interst ratified  with  other  beds  of  the  formation,  and 
arc  usually  believed  to  have  been  accumulated  by  chemical  precipi- 
tation in  marshy  flats.  Since  the  iron  compoimds  in  solution  in  the 
water  were  derived  from  rock  formations  in  process  of  decay,  the 
eiLtraction  of  these  compounds  being  itself  one  of  the  elements  of  decay, 
the  iron  ore,  as  well  as  the  other  beds  of  sedimentary  rook,  had  its 
origin  in  the  decay  of  the  older  formations.  The  iron  was  probably 
deposited  in  the  form  of  limonite  (2Fo2().s,  3II2O)  or  of  iron  carbonate 
TeCOa),  and  subsequently  changed  into  its  present  form  (Fe20:^). 
rhis  is  the  fourth  series  in  America  which  contains  a  large  amount 
)f  iron  ore,  the  first,  second,  and  third  lx»ing  in  the  Archeozoic,  the 
luronian,  and  Animikean  respectively.  Like  the  Clinton  iron  ore 
if  Wisconsin,  the  manganese  ore  dejwsits  ^  of  Arkansas  lie  at  the 
)ase  of  the  Silurian  system  in  that  region,  and  the  two  classes  of  ore 
nay  have  had  a  somewhat  similar  origin. 

The  Clinton  formation  has  a  thickness  of  900  or  KXX)  feet  in  Pcmui- 
ylvania,  of  800  in  Virginia,  and  of  200  or  300  feet  in  eastern  Tonness(»c 
nd  Kentuckv.     In  the  eastern  interior,  the  formation  is  much  thinner. 

Like  the  Oneida  and  Medina  formations  which  preceded,  the  Clin- 
3n  beds  have  not  been  identified  in  the  western  half  of  the  continent. 

The  Niagara  formation. — The  Clinton  formation  of  tli(^  interior 
•as  succeedefl  by  the  Niagara  (Rochester  shale,  Lockport  linu^stone, 
nd  Guelph  dolomite  of  New  York;  see  p.  370),  which  extends  some- 
•hat  farther  west  than  any  of  th(»  i)receding  Silurian  formations,  show- 
ig  that  the  submergence  of  the  earlier  epochs  still  continued  in  the 
■piXT    Mississippi    basin.     The    Niagara    formation    covers    not    only 

'  S«?  goolofdcal  reports  of  the  several  States;    also  Jour.  Oeol,  Vol.  IX,  p.  412. 

'Geol.  of  Wisconsin,  Vol.  I,  ISSl. 

"Penrose,  Geol.  Sun',  of  Arkansas,  Vol.  I  of  the  Ann.  Kept,  for  1890. 
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Quch  of  New  York,  Ontario,  and  Ohio,  but  also  all  or  nearly  all 
outhern  peninsula  of  Michigan,  much  of  Indiana  and  Illinois,  ; 
)arts  of  Wisconsin  and  Iowa.  North  of  Missouri,  it  is  not  knowr 
>ccur  far  west  of  the  Mississippi.  It  was  formerly  supposed  to 
)resent  in  the  Black  Hills  of  South  Dakota,  but  this  correlation  se 
o  be  doubtful.^  It  may  yet  be  found  where  it  has  not  been  rec 
lized,  or  where  its  identification  has  not  been  placed  beyond  quest 
The  formation  probably  never  extended  east  over  the  Cincinnati  i 
)r  the  similar  Nashville  dome  to  the  south,  though  it  extended  ( 
)etween  them.  To  the  westward  it  extended  beyond  the  Mississ: 
nto  eastern  Missouri,  Arkansas,  and  perhaps  even  to  the  Arbu< 
nountains  in  Indian  Territory.  It  was  in  this  epoch,  as  the  relati 
)f  the  next  succeeding  formation  show,  that  the  submergence  which 
Deen  in  progress  since  the  beginning  of  the  Silurian  period,  reac 
ts  maximum  in  the  upper  Mississippi  basin.  In  the  southeast 
Dart  of  the  same  basin,  the  sea  of  the  Niagara  epoch  was  probi 
nore  restricted  than  that  of  an  earlier  time. 

The  southern  border  of  the  interior  sea  is  not  known,  but  it  app 
lot  to  have  been  connected  with  the  ocean  in  this  direction, 
and  barrier  which  limited  it  on  the  south  appears  to  have  beer 
;he  position  of  the  Gulf  States.    These  general  facts  are  expre? 
Dn  the  map,  Fig.  174. 

Beds  of  sedimentary  rock  contemporaneous  with  the  Niagara 
;he  interior  may  exist  in  the  northern  part  of  the  Appalachian  I 
Dut  their  faunas  are  so  unlike  those  of  the  Niagara  of  the  Mississ 
basin  as  to  indicate  the  continued  separation  of  the  Appalachian  b 
Tom  the  interior.  Because  of  these  conditions,  exact  correlat 
between  the  second  group  of  the  Middle  Silurian  series  (p.  371)  of 
Interior,  and  the  corresponding  beds  of  the  Appalachian  trough,  h 
not  been  made.^  The  upper  part  of  the  Niagaran  series  (above 
Clinton)  is  believed  to  be  absent  from  the  southern  Appalachians, 
region  where  most  of  the  preceding  formations  of  this  period  anc 
the  Ordovician  are  well  represented.  Their  absence  from  this  re^ 
xppoars  to  mean  that  the  shore  of  the  interior  sea  was  tempora 
shifted  to  the  west,  either  because  of  crustal  movements  which  cai 

»  Beecher,  Am.  Geol.,  Vol.  XVIII,  p.  31. 

'  Weller,  Kept,  on  the  Paleozoic  Paleontology  of  New  Jersey,  Geol.  Surv  of  ^ 
1903. 


Tin  174  —Map  nhowing  Ute  owtcrcip^  nf  flie  Xiueiini  formal imi.  ,mil  ;H  tlu-  >!iiii.'  time 
tlip  general  relntinnH  of  land  nml  natpr  during  tlio  Niapira  cpiirli.  The  vurioiw 
forls  of  alluding  on  the  map  com-i^pdiid  with  t)LO«.'  on  earlier  may!-  iff  p.  '2'Mi. 
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land  to  emerge,  or  because  the  sea-bottom  had  been  convertC' 

land  by  aggradation. 

t  signiticaQt  feature  of  the  distribution  of  the  Niagara  formatioi 
e  associated  with  its  distribution  in  tJie  interior  of  the  continer 
s  great  development  in  high  latitudes.    It  occurs  in  Manttobi 

from  here  probably  extends  down  into  Minnesota.    While  thi 

of  Niagara  is  not  known  to  be  connected  with  that  of  Iowa  an 
ois,  such  connection  is  probable,  being  now  obscured  by  the  heav 
'  of  drift  which  covers  most  of  Minnesota.    The  Niagara  fomu 

is  also  present  west  of  Hudson  Bay,  and  over  numerous  larg 
small  areas  on  the  continent  and  on  islands  between  the  paralle! 
T  and  76°.  It  is  also  present  in  Grinnell  Land  and  Greenland  i 
ude  80°. 

?he  isolated  areas  of  the  Niagara  formation  in  these  norther 
)ns  appear  to  be  remnants  of  a  once  continuous  body.  Thi 
■ence  is  rendered  probable  by  the  similarity  of  the  fossils  through 


175. — Contact  of  the  Niagara  limestone  and  the  Maquoketa  (Hudson  Iliv< 
lale)  in  northeastern  Iowa.  Tlie  liew  illustraWs  the  effect  of  inequalities  ■ 
irdness  on  topography.  The  cultivated  surface  with  tlie  gentle  slope  is  undt 
in  by  Hudson  River  shale;  the  wooded  slopes  above  are  the  escarpment  ' 
iagara  limestone.     (Calvin,  Iowa  Geol.  Surv.) 

tlie  northern  area.  From  the  same  line  of  evidence,  it  is  inferre 
there  was  shallow  water  connection  between  the  Mississippi  basi 
northern  Europe  by  way  of  the  arctic  islands,  a  connection  whic 
littcd  the  intermigration  of  the  shallow-water  animals  of  the  tw 

HIS. 

Jetween  the  northern  areas  of  exposed  Niagaran,  older  formatioi 
L  which  the  Niagara  has  been  removed  are  exposed.  In  the  Unite 
3S,  on  the  other  hand,  the  more  or  less  widely  separated  arei 
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of  exposed  Niagara  are  separated  because  the  formation  is  concealed 
at  inter\'ening  points  by  younger  beds. 

The  distribution  of  the  Niagara  formation  in  the  interior,  taken 

with  the  distribution  of  the  eariier  Silurian  formations,  would  lead 

to  the    conclusion    that    the   Niagara   should    rest    on    the  Hudson 

River  shales  unconformably  over  a  large  area  in  the  ]Mississippi  basin. 

Such  is  doubtless  the  fact,  yet  the  degree  of  unconformity  is  so  slight  as 

not  to  be  readily  detected.    This  might  mean  either  (1)  that  the  older 

forimition  was  elevated  so  little  at  the  close  of  the  Ordovician,  and 

stood  so  low  during  the  Oneida,  Medina,  and  Clinton  epochs,  as  to  have 

suffered  little  erosion,  or  (2)  that  it  was  almost  jx^rfectly  base-leveled 

before  the  Niagara  epoch.     In  both  cases  it  would  be  necessary  to 

8upix)se  that  the  strata  were  little  deformed,  since  the  bedding  of 

the  two   formations  is  essentiallv  harmonious.     Between   these   two 

alternatives,  the  former  is  perhaps  the  more  probable. 

In  New  York  the  beds  which  were  formerly  grouped  under  the 
name  Niagara,  and  now  under  the  series  name,  Niagaran,  consist  of 
shale  (Rochester,  p.  370)  below,  and  limestone  (Lockport  and  Guelph) 
above.     It  is  the  more  resistant  beds  of  the  latter  overlying  th(»  more 
yielding  layers  of  the  former  (Fig.  176)  which  have  given  rise  to  the 
Falls  of  the  Niagara,  the  locality  whence  the  formation  takes  its  name, 
and  determined  the  position  of  the  escar{)ment  between  Lake  Ontario 
and  Lake  Erie  (Fig.  177)  from  which  the  Falls  (at  F)  has  retreated. 
The  same  limestone  has  determined  other  falls,  such  as  the  upjx^r- 
most  falls  of  the  Genesee  river,  sho^^^l  in  Fig.  178.    West  of  New  York 
the  formation  is  mainly  limestone.     Except  the  Trenton,  it  is  more 
wide-spread  than  any  preceding  fornuition  of  limestone,  and  tells  of 
an  expanse  of  clear  water  covering  much  of  the  great  Mississippi  basin. 
The  Niagara  formation  is  the  oldest  in  which  well-developed  coral 
reefs  have   been   identified.     AMiile   coral-secreting   polyps  had   lived 
before,  as  sho\Mi  by  their  abundant  fossils  in  older  formations,  and 
while  their  secretions  had  heljx^d  to  make  the  Trenton  and  other  lime- 
stones, the  reef-building  species  seem  to  have  first  Ix^come  abundant  in 
mid-Silurian  time.    The  reefs  are  known  in  eastern  Wisconsin  and  at 
other   points  farther  south  and  east.     Coral  reefs  and  the  adjacent 
deposits  illustrate  as  clearly  as  anything  else  among  the  ancient  forma- 
tions the  methods  by  which  limestone   deposits  were   formed.     The 
reefs  themselves  are  composed  of  the  commingled  relics  of  the  life  that 


■ew  upon  them.    Great  masses  of  coral  may  sometimes  be  seen  stan 
g  erect  in  the  rock  precisely  as  they  grew  havmg  entirely  escap 


TG.  177. — ^The  Niagara  cBcarpment.     (Gilbert.) 

jstruction  during  their  burial  in  the  growing  reef.  In  other  instanc 
le  coral  masses  represent  remnants  only,  the  greater  portions  havii 
?en  broken  down  and  worn  away  by  the  waves,  or  dissolved  by  tl 
«an  waters,  soon  after  their  formation.    At  various  points  there  a 


iQ.  178. — Diagrammatic  section  Bhowine  the  relatione  of  various  sorts  of  tock  . 
Cenesec  Falls.     (Hall.) 

;tached  fragments  showing  various  degrees  of  wear,  together  wit 
larse  and  fine  detritus,  the  product  of  coral  comminution.  The; 
jmbine   to  make  up  the  mass  of  the  reef-rock.      Locally  there 
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evidence  that  some  of  the  limestone  after  havmg  once  been  solidified 
VIS  broken  up  by  the  waves  and  re-deposited,  forming  a  coarse,  brec- 
dited  mass.  In  such  cases  the  spaces  between  the  fragments  are  often 
filed  with  fine  detritus  in  which  fossil  shells  sometimes  occur,  as  though 
die  shell-bearing  animals  had  sought  the  protection  of  these  sheltered 
nooks,  or  as  if  their  shells  had  been  driven  thither  by  the  waves. 
Evidences  of  wave-worn  hollows  and  recesses  in  the  reefs  may  also  be 
found,  showing  that  waves  were  then  wearing,  as  now,  the  summits  of 
rock-masses  which  were  so  slightly  submerged  as  to  come  Avithin  the 
limits  of  their  action. 

The  deposits  between  and  about  the  ancient  Wisconsin  reefs  are 
similarly  instructive.  On  the  sides  and  at  the  bases  there  accumulated 
a  mixture  of  shell  and  coral  fragments  and  calcareous  sands  gro\nng 
finer  and  finer  as  the  distance  from  the  parent  reef  increased,  and  the 
?lope  of  the  bottom  became  more  gentle,  until  at  a  distance,  having 
passed  through  the  several  granular  stages,  there  was  a  gradation  into 
ifhite  calcareous  mud,  which  spread  itself  Avidely  over  tlie  sea-bottom 
iround  the  reefs  and  between  them  and  the  adjacent  land.  This  fine 
alcareous  sediment  ultimately  gave  rise  to  the  comi)act  wliite  lime- 
tone  of  the  region. 

On  the  submarine  plains  immediately  bordering  the  reefs  flourished 
nanv  forms  of  life  which  secrete  lime  carbonate.  Mollusks  and  crinoids 
eem  to  have  been  more  abundant  here  than  ui)on  the  reefs  themsc^lves. 
)\-er  the  white  mud-flats  beyond  there  seems  to  have  been  a  relative 
)aucity  of  life,  the  reef-frequenting  forms  being  especially  rare. 

In  the  ancient  Niagara  seas,  therefore,  at  least  four  phases  of  linie- 
itone  were  in  process  of  accumulation  sinmltaneously,  viz.:  (1)  that 
composed  of  coral  which  still  remains  unbroken;  (2)  that  composed  of 
nasses  of  coral  partly  disrupted;  (3)  that  made  up  of  the  granular 
products  of  shell  and  coral  grinding;  and  (4)  that  made  up  of  the  still 
iner  products  of  comminution,  all  derived  from  essentially  the  same 
jource,  the  secretions  of  the  reef  life.  To  this  category  should  perhaps 
ye  added  (5)  the  brecciated  limestone,  made  up  of  the  broken  and  re- 
jemented  fragments  of  beds  which  had  been  disrupted,  and  (6)  the 
politic  limestone  which  occurs  at  some  points  in  this  and  many  other 
limestone  formations.  The  especial  feature  of  this  variety  of  limestone 
(Fig.  179)  is  that  it  is  made  of  tiny  concretions  of  lime  carbonate  pre- 
cipitated from  solution  about  nuclei  of  any  sort.     Recent  obser\'a- 


tions  have  shown  that  the  conspicuous  beds  of  chert  nodulei 
dolomitic  Niagara  limestone  of  the  Chicago  area  are  in  realil 
sponge  beds.  The  minute  spicular  structure  of  these  organia 
be  frequently  detected  uniler  the  microscope  in  thin  sections 
nodules  {Fig.  179a),  although  in  most  of  them  these  stnictur 
been  nearly  or  wholly  obliterated.' 

East  of  the  Appalachians  and  west  of  the  Mississippi  the  < 
tion  of  strata  of  Niagara  age  is  not  generally  known  in  detail. 


Fig.  179. — 051itic  limestone. 

stones  which  are  perhaps  referable  to  the  Niagara  occur 
Hampshire  and  Maine,^  and  in  the  Provinces  between  these  St 
the  St.  LawTence.  Jn  Nova  Scotia  the  formations  of  the 
ejjoch  are  represented  by  1300  feet  of  shales,  affording  anotl 
tration  of  the  fact  that  very  different  sorts  of  rock  may  be  accui 
in  different  regions  at  the  same  time. 

Like  the  older  formations  of  the  Silurian,  the  Niagara  has  ; 
iilentified  with  certainty  in  the  western  part  of  the  continent. 

Vnlikr  the  preceding  formations  of  the  Silurian,  the  Ni 
not  thicker  in  the  east  than  elsewhere.  In  the  east,  mdeed,  w 
formation  in  cxi>osed  it  has  a  thickness  of  but  100  to  300  feet, 
\\'isconsiii  3  it  attains  a  nwximum  of  800  feet  (probably  includ 
Clinton),  all  of  which  is  limestone.  Itwould  appear  that  the  la 
the  eastern  bonier  of  the  continent  was  not  yielding  abundi 

'  G.  I''.  Harris,  personal  communication. 
'  Williams,  Bull.  1G.5,  U.  S.  Geol.  Surv. 
'Geol.  of  Wis..  Vols.  I  and  II, 
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ments  to  the  sea  lying  west  of  it.  This  was  probably  because  the  land 
was  low,  and  it  may  have  been  low  either  because  it  had  sunk  or  because 
it  ha<l  been  nearly  base-leveled  in  the  preceding  epochs.  The  slight 
thickness  of  limestone  in  the  east  (New  York)  as  compared  with  the 
west  (Wisconan)  remains  to  be  accounted  for.  If  the  Niagara  of  the 
west,  as  commonly  classified,  includes  beds  which  are  the  time-equiva- 
lents of  the  Clinton  of  the  east,  this  would  help  to  account  for  the  greater 
thirkness  of  the  Niagara  of  the  west.  Again,  it  may  be  that  the  sorts 
of  life  \riiich  produce  limestone  were  more  abundant  in  the  west,  a 


suggestion  which  the  coral  reefs,  as  well  as  other  fossils  of  thnt  region, 
strengthen. 

The  Guelph  dolomite  (Fig.  180)  is  distinguished  from  the  Lockport 
dolomite  in  western  New  York  by  the  presence  of  a  different  fauna. 
Thb  fauna  is,  however,  not  restricted  to  beds  overlying  the  Lockport 
dolomite,  but  occurs  as  represented  in  Fig.  180.  Tliis  section  appears 
to  mean  that  the  locality  where  it  occurs  wa.s  near  the  border  of  two 
regions  inhabited  by  different  but  contemporaneous  faunas,  and  that 
these  faunas  alternately  had  the  advantage  in  the  struggle  for  dom< 
inance.'  If  this  interpretation  be  correct,  the  Guelph  and  Lockport 
dolomites  are,  in  part  at  least,  contemporaneous. 

While  the  Niagaran  beds  of  the  interior  are  in  general  nearly  hor- 
izontal, they  are  frequently  domed  so  as  to  give  the  beds  a  high  angle 

*  New  York  StMe  Huaeum,  Memoir  5,  1903,  pp.  4-22. 


of  dip.    This  is  true  at  some  points  in  eastern  Wiscon^,  about  due 
and  at  points  in  Indiana.     (Fig.  181.) 


The  Salina  (Catugajj)  Series. 

The  Salina  series. — ^The  formation  or  group  of    formations  i 
succeeding  the  wide-spread  Niagara  limestone  differs  from  it  so  iri 


upper  Sbelby  dolonuta. 


Lockport  dol«aitdi. 


lit  Guelph  fauna;  lower  Shelby  dolomita. 


Lockport  dolomiteB,  Imrsely  covered. 


both  in  distribution  and  character  as  to  indicate  that  conside 
geographic    changes  had  intervened.    It   extends  somewhat  fa 


Fio.  181. — Tlie  Wabash  dome  in  the  Niagara  limeatone.     (Kindle.) 

east  than  the  Niagara,  and  occurs  in  the  Appalachians  of  Pern 
vania  and  farther  south,  where  the  Niagara  is  not  known  to  be  ] 
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cut.  To  the  west,  on  the  other  hand,  the  SaUna  formation  is  re- 
stricted to  much  narrower  limits  than  the  Niagara.  Like  the  latter, 
it  underlies  much  of  southern  and  southwestern  New  York,  and  prob- 
ably western  Pennsylvania  as  well,  and  extends  west  into  Ohio.  It 
is  also  present  in  Ontario,  and  extends  thence  to  the  northern  extremity 
of  the  southern  peninsula  of  Michigan,  and  to  the  eastern  border  of 
Wisconsin,  but  it  is  not  known  in  Illinois,  or  at  any  point  farther  west 
in  the  basin  of  the  Mississippi.  If  it  now  exists  in  these  States,  it 
has  not  been  identified. 

The  absence  of  the  Salina  formation  from  so  great  an  area  where 
the  Niagara  is  present,  points  to  the  emergence  of  a  considerable  area 
in  the  Mississippi  basin  at  the  close  of  the  Niagara  epoch,  and  the  nature 
of  the  Salina  series,  where  present,  shows  that  geographic  relations 
^re  greatly  altered.  A  map  showing  the  relations  of  land  and  water 
during  the  Salina  epoch  would  show  a  great  increase  in  land  over  that 
shovm  in  Fig.  174. 

In  the  east,  the  Salina  group  embraces  three  principal  varieties  of 
rock — limestone,  shale,  and  rock  salt.  With  these  formations,  some 
gypsum,  the  usual  concomitant  of  salt  beds,  is  associated.  Shales 
constitute  the  larger  part  of  the  group,  and  seem  to  have  originated 
after  the  fashion  of  shales  in  general,  but  their  meager  content  of 
fossils  seems  to  point  to  their  deposition  under  conditions  unfavorable  for 
life. 

The  salt  is  widely  distributed.     It  is  kno\\Ti  to  occur  at  many 

points  in  New  York  within  an  area  9,000  to  10,000  square  miles  in 

extent,  single  beds  of  it  being  locally  40  to  80  feet  in  thickness.    Several 

beds  of  it  sometimes  occur  one  above  another,   interstratified  with 

other  sorts  of  rock,  and  their  aggregate  thickness  sometimes  reaches 

as  much  as  100  feet.    In  some  sections,  therefore,  the  salt  makes  a 

xerx  considerable  fraction  of  the  total  thickness  of  the  series.    The 

same  relations  hold  still  farther  west.     Near  Cleveland,  four  salt  bods, 

50  feet  and  less  in  thickness,  are  interstratified  with  500  feet  of  shales 

belonging  to  this  period. 

The  presence  of  salt  beds  in  New  York  and  Ohio  indicates  that 
during  the  movements  which  took  place  about  the  close  of  the  Niagara 
period,  great  lagoons  or  inclosed  seas  were  formed.  In  these  lagoons 
it  is  believed  the  red  shales  and  other  formations  of  the  Salina  group 
were  deposited.    Had  the  climate  of  the  region  been  as  moist  as  that 
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>f  the  present  time,  these  lagoons  would  hardly  have  become  abn 
nally  saline.  The  fact  that  salt  was  precipitated  in  such  quantit 
s  therefore  an  indication  of  aridity.  Data  are  not  at  hand  for  del 
nining  whether  the  aridity  was  local  or  general.  Whenever  and  wh( 
»ver  the  water  of  these  inclosed  seas  reached  the  saturation-pc 
or  salt,  its  precipitation  began.  Occasional  incursions  of  the  i 
Dringing  in  new  supplies  of  salt  water,  followed  by  periods  when 
agoons  were  cut  off  from  the  sea,  and  suffered  rapid  evaporat 
fvould  seem  to  meet  the  conditions  demanded  for  the  formatioE 
:he  salt.  So  also  would  a  slight  continuous  connection  with  the  i 
mch  that  the  inflow  of  sea-water  into  the  basin  did  not  balance 
excess  of  evaporation  over  precipitation  in  the  basin  area.  Bed 
salt  40  to  80  feet  thick  imply  the  evaporation  of  3000  to  6000  fee 
normal  sea-water. 

It  is  not  known  how  nearly  continuous  the  beds  of  salt  are  in 
area  within  which  they  occur.  Knowledge  concerning  them  is  obta 
only  from  borings,  for  they  are  buried  beneath  great  thicknesse 
younger  rock.  Since  the  strata  dip  to  the  south,  the  salt  bedf 
farther  and  farther  beneath  the  surface  in  that  direction.  Mucl 
the  salt  of  commerce  which  comes  from  New  York  is  not  derived  in 
diately  from  the  salt  beds,  but  from  the  waters  of  salt  wells, 
water  of  these  wells  probably  became  briny  by  passing  over  or  thrc 
the  salt  beds,  or  over  or  through  strata  of  shale  through  which  sa 
disseminated. 

Gypsum  is  often  associated  with  sedimentary  formations  depoj 
in  inclosed  seas.  It  is  much  less  soluble  in  waters  which  are  ne 
saturated  with  salt  than  in  sea-water.  Since  it  is  usually  pre 
in  saline  waters,  it  is  likely  to  be  precipitated  as  the  water  approa 
the  saturation  point  for  salt.  In  keeping  with  these  general  fj 
it  is  present  in  the  Salina  series.  Some  of  the  gypsum  is  probabl 
secondary  origin,  being  the  result  of  the  reaction  of  sulphuric  aci< 
calcium  carbonate. 

The  limestone  of  the  Salina  proper  is  largely  contemporaneous  ' 
the  shales  and  salt  beds.    It  is  thickest  where  they  are  thin,  and 
where  they  are  thickest.     It  contains  few  fossils,  and  may  be  a  chen 
precipitate.     Its  relations  to  the  shales  and  salt  beds  are  such  a 
indicate  that  the  areas  of  accumulation  of  the  several  sorts  of  i 
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material  were  shifted  from  time  to  time,  as  if  by  gentle  changes  of  level 
of  land  or  water. 

The  thickness  of  the  beds  of  the  Salina  group  is  considerable,  being 
about  1500  feet  near  Ithaca,  and  still  more  in  the  mountains  of  Penn- 
8}'ivania,  where  it  attains  its  maximum  development,  though  free 
from  salt.  From  central  New  York  the  formation  thins  both  to  the 
east  and  west. 

The  sequence  of  changes  in  the  Salina  region  of  New  York  is  indi- 
cateil  by  the  following  table  :^ 


|3 


£ 

D 
C 
B 
A 


Xiagara-Guelph  fauna Cobleskill 

Waterlime  with  Eun-pterus 

Gypseous  shales 

Beds  of  rock  salt '  \  Salina 

Gypseous  shales 

Pittsford  shale  with  Eun'pterus 

Guelph  fauna i  \  v:«„«,  ., 

Niagara  (Lockport)  fauna |  /  ^-^agaran 


Associated  formations. — Above  the  Salina  proper  of  New  York, 
there  is  a  thin  (150  feet  maximum)  formation  of  limestone,  the  Water- 
lime (Cobleskill,  Rondout,  Manlius,  etc.),  which  is  generally  regarded 
as  a  part  of  the  Silurian  system.    The  name  Waterlime  has  reference 
to  the  fact  that  the  limestone  is  the  source  of  hydraulic  cement,  though 
it  is  by  no  means  ever5^where  useful  for  this  purpose,  and  many  other 
limestone   formations   are   similarly   used.     The   Waterlime   is   more 
wide-spread  than  the  Salina,  extendmg  westward  through  Ohio  (where 
it  is  often  shaly)  to  Indiana  (Kokomo)  and  to  Wisconsin.    Both  its 
distribution  and  its  character  show  that  the  eastern  interior  was  again 
more  generally  submerged  than  during  the  deposition  of  the  salt- 
bearing  series  which  preceded.     In  the  Waterlime  group,  especially 
its  lower   portion   (Cobleskill),   the   Niagara-Guelph  fauna  reappears 
(see    p.  3vS6),  indicating   a   return  of   marine  conditions,    and  of   a 
faima  which  had  been  excluded  for  a  time  from  this  region  because 
of  the  salinity  of  the  waters.    The  sequence  of  conditions  during  the 
Salina  is  shown  diagrammatically  above,  and  the  relations  of  the 
Silurian  and  Early  Devonian  formations  on  opposite  sides  of  the  barrier 
which  separated  eastern  from  central  New  York,  are  suggested  by 
Fig.  182. 

I  Hartnagel,  Bull.  69,  N.  Y.  State  Museum,  p.  1159. 
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Silurian  in  the  West. 

The  Silurian  and  Ordovician  systems  have  been  usually  mapped 
)ne  under  the  former  name  in  the  area  west  of  the  Great  Plains, 
various  points  in  this  region  there  is,  between  the  Ordovician  be 
md  the  Devonian  above,  a  series  of  sedimentary  beds  poor  in  fos 
The  character  of  the  fossils  being  indecisive,  the  age  of  the  beds  has 
Deen  certainly  determined.    Some  of  them  may  be  Silurian,  thoi 


Tig.  182. — ^Diagram  showing  overlaps  and  succession  of  formations  of  the  eas 
interior  sea  during  the  Silurian  and  Early  Devonian  periods.     (Hartnagel.) 

n  many  regions  all  appear  to  be  referable  to  the  Ordovician.  If  t 
ire  to  be  correlated  with  the  Silurian,  the  Ordovician  types  of  life  r 
lave  lingered  on  in  the  west  much  longer  than  in  the  east.  If  the  S 
ian  is  really  absent  from  all  the  areas  where  its  presence  is  not  kno 
t  would  appear  that  a  large  part  of  western  North  America  ' 
and  during  the  Silurian  period.  The  Silurian  system  has  not  b 
dentified  in  the  fine  sections  of  the  Colorado  canyon  in  Arizona,  j 
)robably  does  not  exist  there.  This  may  mean  that  either  this  p 
)f  the  west  was  land  during  the  Silurian  period,  or  that  such  Silm 
brmations  as  were  deposited  here  were  subsequently  removed 
jrosion  during  an  interval  of  emergence.  Silurian  beds  are  repor 
rom  the  Fort  Apache  region  of  Arizona,^  from  southern  California  i 
^evada,2  and  from  the  Seward  Peninsula  of  Alaska.^  They  are  don 
ully  reported  from  the  Canadian  Rockies,  but  the  beds  in  quest 
;eem  to  belong  to  the  same  system  as  many  other  western  beds,  refer 
/Cntatively  to  the  Ordovician  on  the  basis  of  their  fossils.* 

1  Reagan,  Am.  Geol.,  Vol.  32,  1903,  p.  278. 
»Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  pp.  70,  86,  and  202. 
'  Collier,  Professional  Paper  No.  2,  U.  S.  Geol.  Surv. 
*  Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  12,  p.  68. 
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The  Helderberg  formation. — ^It  has  been  customary  in  the  past 
regard  the  Helderberg  formation  as  a  part  of  the  Silurian 
stem,  though  its  reference  to  the  Devonian  has  often  been  sug- 
3ted.  The  fossils  of  the  Helderberg  formation  are  commonly 
^ded  as  pointing  to  alliance  with  the  Devonian  faunas,  rather 
in  with  the  Silurian.^  By  this  standard,  therefore,  the  reference 
the  Helderberg  formation  to  the  Devonian  system  seems  the 
)re  appropriate. 

SUMMARY 

As  in  the  case  of  all  preceding  systems  of  the  Paleozoic,  the  greater 
cknesses  of  Silurian  strata  occur  in  the  Appalachian  moimtain  system, 
re  the  Medina  and  Oneida  have  a  thickness  of  1500  feet,  the  Clinton 
2000  feet,  and  the  Niagara  and  Salina  of  1500  feet  (central  New  York), 
ing  the  Silurian  system  a  thickness  of  about  a  mile,  though  this  ia 
more  than  its  average.  In  Maryland  its  thickness  is  between  2000 
1 2500  feet.  It  is  chiefly  clastic  below,  mih  limestone  above  .^  Over 
interior,  the  system  is  relatively  t!iin,  being  measured  by  himdreds 
'eet  rather  than  by  thousands.  In  keeping  with  these  variations  in 
;kness,  the  Silurian  along  the  Appalachian  belt  is  largely  of  clastic 
iments  of  shallow-water  origin,  while  that  of  the  interior  originated 
dear,  though  not  necessarily  deep  water.  During  most,  if  not  all,  the 
iod,  the  Appalachian  trough  was  shut  off  from  free  communication 
h  the  interior  sea,  but  connected  with  the  Atlantic,  perhaps  by  way 
he  present  Chesapeake  region.  The  great  thicknesses  of  strata  in  the 
tern  moimtain  region  were  deposited  in  this  Appalachian  trough. 
ce  all  or  most  of  them  were  deposited  in  shallow  water,  they  are 
lally  thought  to  point  to  the  conclusion  that  the  trough  was  sink- 
,  and  that  at  a  rate  comparable  to  that  at  which  the  sediments 
umulated.  This  view  may,  however,  need  to  be  qualified  by  con- 
orations  such  as  those  suggested  on  page  257.  So  far  as  local  sinking 
k  place,  the  acciunulation  itself,  as  ah-eady  suggested,  may  have 

'  Clarke,  Review  of  the  Hercynlan  fauna,  42d  Rept.  N.  Y.  State  Mus.,  p.  408.    See 
views  of  Tschemychew,  Am.  Geol.,  VoL  XIV,  1894,  p.  119;   Schuchert,  Bull. 
L  Soc.  Am.,  VoL  II,  pp.  241-332;  Williams  (who  advocates  the  opposite  view), 
I,  pp.  338-346;  and  Kay^er,  Geologische  FonnaUonskunde,  zweite  Aufla^e. 
Prosser,  Jour,  of  Geol.,  VoL  IX,  pp.  410-15. 
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been  the  cause,  or  one  of  the  causes,  of  the  subsidence.  Coincid 
with  the  downward  warping  of  the  trough,  the  adjacent  land  area  wl 
suppUed  the  sediments,  was  probably  warping  upward  steadily 
periodically. 

The  history  of  the  Silurian  period,  as  now  understood,  involves, 
a  general  submergence  of  the  eastern  part  of  the  United  States  wes 
Appalachia,  by  which  the  sea  became  more  and  more  wide-spi 
until  the  close  of  the  Niagara  epoch;  (2)  a  partial  withdrawal  of 
sea  from  the  same  area  during  the  Salina  epoch;  and  (3)  a  poss 
extension  of  the  sea  at  the  close  of  the  Salina  epoch.  There  \ 
doubtless  many  minor  oscillations  of  level  not  distinctly  recordec 
the  rocks,  or,  at  any  rate,  not  yet  distinctly  determined. 

Of  the  sediments  deposited  along  the  Atlantic  coast  on  the  eas 
border  of  Appalachia  during  the  Silurian  period  little  is  known.    1 
have  not  been  identified  at  any  point  within  the  present  land  i 
south  of  New  England.    From  this  it  is  inferred  that  the  Silurian  s 
south  of  New  England  was  farther  east  than  that  of  to-day,  and 
the  Trans-Appalachian  Silurian  strata  are  still  beneath  the  sea,  de 
buried  by  younger  formations.    There  is  no  certain  knowledge,  howc 
that  the  Silurian  seas  did  not  cover  some  part  of  the  present  land 
east  of  the  moimtains.    If  so,  such  formations  as  were  made  have  1 
removed  by  erosion,  or  transformed  by  metamorphism  so  that 
have  not  been  recognized,  or  lie  buried  beneath  later  formations, 
ther  north,  as  in  New  England  and  beyond,  the  sediments  of  this  pe 
seem  to  have  accumulated  partly  in  bays  which  affected  the  coast, 
partly  along  the  border  of  the  open  sea. 

Outcrops. — The  principal  areas  where  the  Niagaran  series  app 
at  the  surface  are  shown  on  the  map.  Fig.  174.  A  map  showing 
outcrop  of  the  system  as  a  whole  would  not  be  very  different  (see  I 
I).  Fig.  174  shows  also  the  relations  of  the  Silurian  to  older  syst 
and  hazards  a  conjecture  as  to  their  probable  occurrence  where 
concealed.  The  principles  imderlying  the  distribution  of  outc 
have  already  been  discussed  (p.  252  et  seq.). 

Former  extent  and  general  stratigraphy. — The  present  margir 
the  several  Silurian  formations  are  not  their  original  margins,  for  1 
exposed  parts  have  suffered  erosion,  and  the  erosion  of  dipping  I 
as  already  explained,  shifts  their  outcrops.  In  some  localities  t 
are  certain  reliable  data  for  estimating  the  former  extension  of 
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icnnatioiis.    In  Wisconsin,  for  example,  remnants  (outliers,  a,  b,  c) 
of  the  Niagara  are  found  far  beyond  the  main  body  {S,  fig.  183)  of 


[Drmstions  m  soutliem  Wisconsin^  northern    Illin> 
fftmbriani    0  — Ordovician      5  =  ^laga^ft    and  a 
Hiaaianppiaiii ,   and  C^CarboniferouB 


0  are  outliers  of  i 


the  formation  as  it  now  exists.  These  remnants  fix  at  least  a  minimum 
limit  to  the  oripnal  extension  of  the  formation.  The  stratigraphical 
relations  are  indicated  by  the  accompanying  section  (Fig.  184),  which 


fj*^^f'gyj^' 


Fio.  IM. — Section  ahowing  the  structure  of  the  Silurian  and  other  beds  ii 

C'^Cambriao;     O*- Oniovician ;     S  =  Silurian;     and    D  =  Devonian,     ine    uiaCK 
belt  at  the  surface  ^glacial  drift,  et«.    (Wis.  Geol.  Sutv.) 

at  once  suggests  the  basis  for  the  estimate.  Farther  north  the  Silurian 
fonnations  appear  to  have  been  completely  removed  from  great  areas 
which  they  once  covered. 

The  map  (Fig.  185)  of  a  part  of  New  York  shoTft's  the  relations  of 
the  outerops  of  the  several  Silurian  formations  in  the  western  part  of 
that  State.  Their  former  northward  extension  can  only  lie  conjectured, 
but  it  was  probably  considerable.  Fig.  186  shows  the  stratigraphic 
relations  of  the  beds  shown  on  the  map,  the  section  being  from  north  to 
south.  Figs.  184  and  186  fairly  illustrate  the  stratigraphic  relations  of 
the  Silurian  in  the  interior  generally.  Their  stratigraphic  relations  in 
the  AoDalachiaD  mountains  are  illustrated  by  Figs.  138  and  139,  where 


he  upper  part  of  the  formation  marked  S  is  often  Silurian  (the  Icr 
lart  being  Ordovician). 
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'lO.  185  —Map  of  a  portion  of  the  '*tate  of  New  1  ork  showing  the  surface  distnbu 
of   the   lanous   Silunan   and   Devonian   formations      1  «=  Ordoiicisn      2  to 

Silurian     6  to  13— Devonian     li-Mip-iisiippian 

Spptions  of  the  Silurian  in  various  regions  are  given  on  pp.  317-^ 
.nd  in  the  Appendix,  Vol.  III. 

Igneous  rocks. — At  few  points  in  North  America  have  igneous  re 
f  Silurian  age  been  identified.    The  Silurian  formations  are  so 


"iQ  186 — beciion  showing  the  structure  ot  Slunan  and  De\on  an  beds  m  wea 
New  'iork.  1  =  Pre-Cambrian ,  2  — Cambrian  (Potsdam),  3  to  6  — OrdoMC 
Calciferous,  Trenton,  Utica,  and  Hudson  River  respectively;  7  to  10  — Silur 
Oneida  and  Medina,  Clinton,  Niagara,  and  Salina  respectivdy;  11  toI4  — Di 
nian,  Hclderber)?.  Hamilton,  Gt'nesee,  Portage,  Catskill,  and  CbemuQg  reepectiv 
and  Ij  — Carboniferous. 

imes  affected  by  igneous  intrusions,  but  the  datfi  of  the  intrusiom 
;enerally  uncertain.  Some  of  the  igneous  rocks  of  New  Bnmswick 
bought  to  be  of  Silurian  age,  and  perhaps  some  of  those  of  Nova  Sec 
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and  Iklaine.^    In  the  Fox  Islands  of  Maine,  the  Niagaran  age  of  some 
igneous  rocks  seems  to  be  clearly  indicated.^ 

Close  of  the  Silurian. 

The  closing  stages  of  the  Silurian  were  marked  by  the  withdrawal 
<rf  the  epicontinental  sea  from  considerable  areas  of  the  eastern  interior 
which  had  been  submerged  during  the  Niagaran.  The  sea  appears 
to  have  continued  to  cover  the  area  of  the  Appalachian  trough.  Oro- 
genic  disturbances  at  this  time  seem  to  have  been  essentially  wanting 
in  North  America.  The  geographic  changes  at  the  close  of  the  Silurian 
appear  to  have  been  greater  than  those  which  occurred  during  the 
period,  dividing  it  into  epochs  and  stages,  but  they  were  notably  less 
than  those  which  closed  the  Ordovician.  It  follows  that  the  Silurian 
Bj'stem  is  less  distinctly  separated  from  the  Devonian  above  than 
from  the  Ordovician  beneath. 

Foreign  Silurian. 

In  Europe  the  Silurian  strata  have  a  distribution  similar  to  that  of 
the  Ordovician,  though  they  are  wanting  in  some  regions  where  the 
latter  are  present.  As  in  the  Cambrian  and  Ordovician  periods,  the 
continent  seems  to  have  been  divided  into  two  distinct  geographic 
jMt)vinces.  Within  the  northern,  the  Silurian  strata  are  rather  less 
widely  distributed  than  those  of  the  preceding  system,  especially  in 
eastern  and  northeastern  Russia.  The  fact  that  the  Silurian  strata 
do  not  appear  at  the  surface  over  wdde  areas  does  not  indicate  their 
general  absence  so  much  as  their  widespread  concealment.  They  are 
believed  to  be  widely  distributed  beneath  the  younger  beds  between 
the  Baltic  and  the  Urals,  as  well  as  farther  cast.  In  most  of  the  north- 
em  province,  outside  of  Britain  the  system  has  been  little  deformed. 

In  the  southern  province,  the  Silurian  formations  are  not  widely 
exposed,  appearing  in  small  areas  only  amidst  formations  of  lesser  age. 
In  contrast  with  the  Silurian  rocks  of  the  northern  province,  those  of 
the  southern  are  much  deformed. 

The  Silurian  (the  name  comes  from  the  name  of  an  ancient  tribe 
of  Britain,  the  Silures)  formations  of  Europe,  especially  of  the  northern 

>  Williams,  H.  S.    Jour,  of  Geo!.,  Vol.  II,  pp.  15-18. 

>Smith,  G.  O.     Geol.  of  the  Fox  Islands,  Me.,  Rev.  Am.  Geol.,  VoL  XIX,  p.  214. 
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province,  are  more  largely  composed  of  limestone  than  those  of 
Ordovician,  suggesting  clearer  seas.  In  Great  Britain,  the  three  \ 
cipal  groups  of  the  system,  commencing  below,  are  (1)  the  LIando\ 
(2)  the  Wenlock,  and  (3)  the  Ludlow. 

In  general  the  Silurian  rests  conformably  on  the  Ordovician, 
this  is  not  true  in  the  British  Isles,  where  the  younger  system  i 
on  the  upturned  and  eroded  strata  of  the  older.  As  in  America, 
system  contains  little  igneous  rock. 

Its  thickness  is  less  than  that  of  either  of  the  two  preceding  syst 
being  but  3000  to  5000  feet  in  Great  Britain.  It  is  perhaps  i 
less  to  add  that  this  lesser  thickness  does  not  necessarily  dene 
shorter  period  of  time.  It  may  equally  well  stand  for  a  less  i 
rate  of  accumulation. 

The  Ordovician  and  Silurian  of  other  continents  have  not 
generally  distinguished.  The  equivalents  of  the  two  systems  as 
tinguished  in  Europe  and  North  America  probably  occin-  in  al 
less  well-known  continents.  Strangely  enough,  the  faimal  resemb 
of  the  Silurian  of  other  regions,  even  of  other  continents,  to  th 
the  northern  province  of  Europe,  is  stronger  than  that  of  this  pro 
to  the  southern  province  of  the  same  continent. 

Climate.^ 

There  is  nothing  to  indicate  great  diversity  of  temperature  u 
Silurian  period,  and  much  to  suggest  that  its  uniformity  exte 
through  great  ranges  of  latitude,  for  the  fossils  of  warm-temp 
latitudes  are  in  part  the  same  as  those  in  Arctic  regions.  Ce 
regions  (New  York  and  vicinity)  appear  to  have  been  tempoi 
(Salina  epoch)  arid. 

THE   SILURIAN   LIFE. 

The  extensive  withdrawal  of  the  sea  from  the  surface  of  the  > 
American  Continent  at  the  close  of  the  Ordovician  period  very  gr 
reduced  the  area  of  shallow  water  available  for  the  forms  of  life 
had  so  richly  peopled  it  during  that  period.  A  repressive  evoh 
of  much  severity  necessarily  followed.  This  constitutes  the  { 
biological  feature  of  the  transition  from  the  Ordovician  to  the 
rian.    With  the  extensive  re-invasion  of  the  interior  by  the  Mid-Sik 

'  Schwarz,  Jour.  Geol.,  1906. 
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sea,  there  followed  an  expansional  evolution  of  the  shallow-water 
fauna,  and  this  constitutes  the  great  biological  feature  of  the  middle 
of  the  period.  Toward  the  close  of  the  period  there  was  another 
but  less  considerable  restriction  of  the  epicontinental  sea,  complicated 
with  intense  salinity  in  the  eastern  interior  region,  and  there  followed 
a  second  repressive  evolution  marked  by  special  features.  Through 
this,  the  faima  passed  into  the  Devonian  type,  and  the  marine  life-history 
of  the  Silurian  was  closed. 

These  major  biological  movements  were  varied  and  complicated 
by  many  minor  movements  upon  which  we  cannot  dwell.  These  gen- 
eralizations relate  solely  to  the  shallow- water  marine  life.  The  history 
of  the  land  life  should  theoretically  have  been  the  reciprocal  of  that 
of  the  sea;  for  as  the  sea  contracted  the  land  expanded,  and  an  expan- 
sional evolution  of  land  life  should  have  run  hand  in  hand  wnth  the 
restrictional  evolution  of  the  sea  life.  This  was  probably  the  fact,  but 
the  record  of  the  land  life  is  too  meager  to  demonstrate  it. 

It  is  not  probable  that  the  life  of  the  ocean  surface  or  of  the  abysmal 
depths  was  sensibly  changed  by  these  continental  modifications,  but 
there  is  practically  no  evidence  bearing  on  this  point,  for,  as  ever  to 
be  borne  in  mind,  the  geological  record  of  marine  life  is  almost  wholly 
that  of  the  shore  tracts  and  the  epicontinental  seas. 

Had  the  ph}'sical  changes  of  the  continent  at  the  close  of  the  Silurian 
period  been  as  pronounced  as  those  at  its  beginning,  it  would  have 
constitute  an  ideal  cycle,  consisting  of  an  advance,  a  dominance, 
and  a  retreat  of  the  sea,  attended  by  expansional,  cosmopolitan,  and 
restrictional  phases  of  shallow-water  life,  and  would  thus  have  rounded 
out  a  t\T)ical  period.  Starting  with  a  transformed  remnant  of  the 
previous  fauna  distributed  along  a  skirting  shoal  tract  and  gathered 
in  a  few  bordering  embayments  which  harbored  it  during  the  vicissi- 
tudes of  the  transition,  the  life  expanded  with  the  expanding  epicon- 
tinental seas,  attained  a  cosmopolitan  prevalence  in  the  Mid-Silurian, 
and  later,  with  the  retraction  of  the  sea,  shrank  again  to  meager  pro- 
portions and  was  transformed  into  the  initiative  fauna  of  the  next 
period. 

The  Transition  from  the  Ordovician. 

Severely  restricted  as  the  shallow-water  life  must  have  been  during 
the  stage  of  the  greatest  sea  withdrawal,  the  record  probably  makes 
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it  appear  more  impoverished  than  it  really  was.  The  shore  tn 
were  then  far  out  on  the  borders  of  the  continental  platform,  and 
deposits  there  made  were  bm-ied  beneath  later  deposits  when  the 
readvanced,  and  have  been  specially  subject  to  further  burial  by  i 
sequent  border  deposits.  Large  portions  of  these  tracts  are  proh 
now  under  the  sea.  They  are,  therefore,  of  all  epicontinental  dep 
least  accessible  to  observation. 

Aside  from  the  lessened  area,  the  life  conditions  were  prob 
less  favorable,  area  for  area,  than  in  the  stage  of  sea  expansion 
the  wash  from  the  land  was  presumably  augmented  by  the  incn 
land  area  and  the  greater  relief  of  the  land  caused  by  the  low 
of  the  sea-level,  if  not  also,  as  is  probable,  by  the  upward  bowii 
the  continental  surface.  The  increased  detritus  poured  by  the  i 
into  the  coast  belt  probably  inhibited  some  forms  of  life,  injured  ot 
and  helped  but  a  few.  Some  of  the  basins  or  embayments  were  d( 
less  affected  by  too  great  freshness  of  water  and  some  by  too  \ 
salinity,  and  what  was  probably  more  unfavorable  for  life,  by 
nations  from  the  one  to  the  other. 

These  general  characterizations  find  exemplification  in  the  me 
ness  of  the  faimas  of  the  Shawangunk  grit,  the  Oneida  conglomi 
and  the  Medina  sandstone,  all  of  which  are  very  barren  of  fossils.  G 
ing  that  some  part  of  this  barrenness  may  be  due  to  the  disso 
away  of  relics  once  contained  in  the  beds,  there  can  be  little  ( 
of  an  original  barrenness,  for  whatever  may  be  true  of  the  coarse 
stones,  there  is  no  reason  to  assume  exceptional  solution  of  oi 
substances  in  the  abundant  shales  and  fine-grained  argillaceous 
stones. 

In  the  earliest  beds  referred  to  the  Medina  in  the  eastern  in( 
there  are  a  few  lingering  Ordovician  species.  Then  follows  the 
mass  of  the  Medina  formation  in  which  practically  no  determi 
life  relics  appear,  while  near  the  top  of  the  deposit  a  meager  fau 
the  post-transition  type  initiates  the  distinctive  Silurian  f 
Scarcely  more  than  a  dozen  species  of  invertebrates  have  been  i- 
fied,  and  these  have  a  pauperitic  aspect  that  seems  to  tell  of  the 
conditions  under  which  they  lived.  The  very  fact  that  the  M 
shales  and  sandstones  are  prevailingly  red,  probably  tells  a  U 
hostility  to  life,  but  we  cannot  read  it  with  much  assurance  at  pr 
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It  will  clsim  consideration  in  connection  with  the  great  red  deposits 
€f  later  periods. 

Universally  adverse   conditions  are   not,  however,  to  be  assumed 
during  the  transition  epoch.    The  very  drawing  down  of  the  waters 
on  the  borders  of  the  continent  must  inevitably  have  so  shallowed 
the  sea  on  some  deeply  submerged  tracts  as  to  have  made  them  con- 
genial ground  for  the  retreating  faunas  of  the  interior.    This  might 
well  be  true  of  deep  emba3anents  on  the  continental  border.    The 
Gulf  of  St.  Lawrence  seems  to  have  been  a  notable  example,  and  to 
have  constituted  a  harbor  of  refuge  for  the  retiring  hosts  of  the  interior. 
In  it,  as  shown  by  the  deposits  of  Anticosti,  Ordovician  species  lived 
on  for  varying  lengths  of  time  and  mingled  with  Silurian  species  as  they 
developed,  and  so  recorded  the  transition.     This  appears  to  have  been 
the  breeding-groimd  of  one  of  the  provincial  phases  of  the  Silurian 
fauna,  but  it  is  not  at  all  probable  that  it  was  the  only  one.     Doubt- 
less there  were  other  similar  embayments,  and  the  whole  coast  tract 
probably  made  its  contribution  to  the  Silurian  faima;    but  south  of  the 
St.  Lawrence  the  record  of  the  phases  of  life  transitional  from  Ordo- 
vician to  Silurian  is  not  at  command.     The  main  Silurian  faima  of 
the  interior  apparently  did  not  arise  from  that  of  the  St.  Lawrence 
embajment  or  of  the  Atlantic  border,  but  developed  somewhere  at 
the  north,  or  came  in  from  the  eastern  continent. 

The  Expansional  Stage  and  the  Mid-Silurian  Fauna. 

As  the  sea  slowly  crept  out  upon  the  face  of  the  continent  toward 
the  middle  of  the  period,  increasing  room  and  more  congenial  condi- 
tions for  most  forms  of  shallow-water  life  afforded  the  means  of  a  new 
expansional  evolution,  and  this  finds  expression  in  the  Niagaran  fauna. 
This  is  comparable  to  the  expansional  stage  of  the  Mid-Ordovician 
fauna.  The  families  and  classes  remained  nearly  the  same  as  in  Ordo- 
vician time,  but  the  majority  of  the  genera  were  new,  as  were  nearly 
all  the  species.  A  very  few  species  of  extraordinary  longevity  bridge 
the  great  interval,  such  as  I^ptana  rhomboidalis  (Fig.  163,  w)y  Plectam- 
bonites  sericeus  (Fig.  163,  x),  and  Platystrophia  biforata.  These  stand 
out  as  conspicuous  examples  of  extraordinary  persistence,  though 
even  they  had  changed  somewhat.  In  general  there  was  a  biological 
advance,  but  regarding  the  particular  classes,  some  had  risen  and 
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me  had  fallen,  while  all  had  undergone  a  change.    The  more  conspici 
IS  features  of  these  changes  claim  attention. 

Echinoderms :  the  blastoids. — A  distinguishing  feature  of  the  Siluria 
una  was  the  rich  and  varied  development  of  the  echinoderms,  invob 
g  at  once  the  rise  or  the  decline  of  old  forms  and  the  introductic 

new  ones.  To  the  five  classes  present  in  the  Ordovician,  there  wi 
)w  added  the  blastoids,  and  the  full  list  of  classes  adapted  to  fossi! 
tion  was  completed.  The  new  class  consisted  of  symmetrical,  bu' 
:e  forms,  with  a  calyx  of  a  definite  number  of  plates,  very  regular 
id  beautifully  arranged  in  pentamerous  order,  but  without  true  anr 

shown  in  Fig.  187,  i.  Only  two  genera  of  blastoids,  so  far  as  know 
?re  as  yet  present,  but  in  the  two  succeeding  periods  a  rapid  develo 
ent  was  achieved,  followed  by  a  swift  decline. 

The  rise  of  the  crinoids. — The  appearance  of  the  blastoids  vi 
mark  of  advance ;  but  the  dominant  feature  was  the  rise  of  the  cri 
ds.  They  attained  such  abundance  in  certain  congenial  localiti 
lat  their  fragments  formed  the  main  substance  of  the  limestoi 
tiese  spots  became  veritable  "flower-beds"  of  "stone  lilies,"  a 
rtain  localities,  as  Lockport,  N.  Y.,  Waldron  and  St.  Paul,  Ind.,  F 
ne,  Wis.,  Chicago,  111.,  Gotland,  Sweden,  and  Dudley,  England,  ha 
*come  noted  as  peculiarly  rich  crinoidal  fields,  where  beautiful  a 
iricd  forms  grew  in  groves,  as  it  were.     The  assemblage  of  spec 

each  of  these  noted  localities  had  its  own  peculiarities,  but  the  gem 
ere  usuallv  much  the  same.  A  few  Silurian  crinoids  are  shown 
ig.  187,  a,  6,  c,  d,  e,  but  no  such  limited  selection  of  figures  can 
istice  to  the  variety  and  beauty  of  form  they  displayed.^  The  wi 
ifferences  of  those  illustrated,  however,  gives  some  hint  of  the  devek 
ent  of  the  class.  Among  the  notable  features  was  a  large  projecti 
ibe  whose  apparent  function  was  to  carry  the  used  waters  of  t 
)(ly  cavity  away  for  discharge  at  a  distance  from  the  food  groov 
ith  an  apparent  hygienic  purpose.  In  certain  cases,  this  tube  v 
iriously  expanded  above,  the  plates  spreading  into  a  broad  imibrel 
^e  canopy  with  the  apparent  purpose  of  still  more  effectively  p 
^nting  the  mingling  of  the  used  and  unused  water.  A  new  feati 
as  the  consolidation  of  the  plates  at  the  base  of  the  calyx,  impart) 

^  For  a  fine  series  of  illustrations  see  the  classic  work  of  Wachsmuth  <fe  Spring 
le  North  American  Crinoidea  Camerata,  Mus.  Comp.  ZooL,  Cambridge,  Mass.,  ^ 
XI.  1897. 
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added  strength  to  it.    Spines  were  occasional  features  and  doubtless 
«pned  a  defensive  purpose.    Some  species  were  notably  ornamented 
by  various  figures  upon  the  exterior  of  the  plates,  the  function  of  which 
can  only  be  conjectured.    The  arms  of  the  camerate  crinoids,  which, 
in  Ordovician  times,  were  largely  formed  of  a  single  series  of  plates, 
nearly  all  came  to  have  a  double  series  in  the  Silurian.    Notwithstand- 
ing  these  and  other  expressions  of  progress,  there  remained  many  rem- 
nants of  the  more  primitive  characters,  indicating  that  the  class  had 
not  yet  reached  its  structiu*al  climax.    The  lower  orders  of  the  class 
were  still  present,  but  in  diminished  numbers.    The  decline  of  these 
and  the  rise  of  the  higher  types  is  in  itself  a  mark  of  progress.     At 
the  same  time,  the  continued  existence  of  the  lower  types  teaches  that 
the  introduction  of  the  higher  was  not  at  once  fatal  to  the  welfare 
of  the  lower. 

The  cystoids. — Though  the  cystoids  passed  their  climax  in  the 
Ordovician,  they  continued  to  be  abimdant  in  the  Silurian,  and  many 
attained  larger  sizes  than  are  known  to  have  been  reached  before. 
They  show  in  some  phases  a  tendency  to  greater  regularity  in  the 
arrangement  of  the  plates,  as  though  even  they  felt  the  influence  of 
the  causes  that  made  for  order  and  sjonmetry,  so  well  expressed  in 
the  crinoids  and  blastoids;  but  on  the  whole,  irregularity  continued 
to  characterize  them  (Fig.  187,  /,  g  and  h). 

Other  echinoderms. — The  starfishes  appear  to  have  made  little  prog- 
ress and  to  have  had  no  large  place  in  the  faima;  the  serpent  stars 
and  the  echinoids  had  even  less.  It  is  important  to  note  these  slow 
developments  of  t}T)es  that  came  to  be  prominent  very  much  later, 
for  it  possibly  represents  a  general  fact,  viz.,  that  great  classes  were 
really  slow  in  their  evolution,  however  suddenly  they  may  seem  to 
have  come  into  existence.  It  is  not  impossible  that  the  ascents  of 
the  cj-stoids  and  crinoids  to  their  climaxes  would  be  found  equally  as 
prolonged  as  those  of  their  kin  if  we  could  trace  them  back  through 
their  full  histories.  Just  a  little  greater  imperfection  in  the  record 
would  have  eliminated  all  trace  of  the  ophiuroids  and  echinoids  in 
these  early  periods  and  would  have  made  their  appearance  in  abun- 
dance at  a  later  period  seem  sudden  and  remarkable.  This  suggestion 
is  not  to  be  accepted  as  an  affirmation,  for  there  are  some  strong  grounds 
for  believing  that  evolution  was  sometimes  really  rapid  relatively. 
The   continued  importance   of  the  brachiopods. — The  brachiopods 


tt  W        ««       T? 

;.  IS7. — (Sec  opposite  ptkgc  for  explEtoatioa  of  fi^re.) 


ExPLA.VAnoN  OF  Fio.  187. — Crinoidea:  a,  Eucalyptocrinus  crassus  Hall,  a  complete  cri- 
noid.  showing  root,  st^n,  and  body;  b,  Callicrinus  murchisoniarius  Aug.,  showing 
extraordinaiy  spinose  ornamentation ;  c,  Peialocrinus  mirabilis  W  eller,  showing  a 
remarkable  type  of  arm  differentiation,  the  arms  being  consolidated  into  five  tri- 
angular plate-like  bodies;  ct,  Lecanocrinus  macropetalusHa]!,  one  of  the  articulate 
rrinoida;  e,  Croialocrinus  pulcfier  (His.),  a  crinoid  with  remarkably  differentiated 
aims.     Cufioidea:  /,  Caryocrintis  omatus  Sav.,  a  cystoid  with  regularly  arranged 
body-plates;  tl]»  pores  maybe  seen  arranged  in  radiating  lines  from  the  centres  of 
the  plates;  g,  Callieystis  jewetti  Hall,  a  cystoid  withunsvmmetrical  arrangement  of 
plates,  the  arm  furrows  recumbent,  the  pores  arranged  in  groups;  h,  HolocystUes 
atiinpaius  Miller,  a  cystoid  with  irregularly  arranged  plates  and  scattered  pores. 
Biasfoidea:  i,  Troostacrinus  reinwardtii  (Troost),  snowing  the  typical  bud-sliaped 
form  of  these  organisms.   Sponges:  /,  Astrcsospongia  meniscus  Koem.,  a  saucer- 
ishaped   sponge   with  exceptionally  large   spicules;    k,   Astylospongia   prcemorsa 
((loldf.),  a  globular  sponge  showing  the  oscutum  above  and  the  ends  of  the  water 
canals.      Cephalopoda:     /,   Orihoceras   annulatum    Sow.,    a  straight    chaml)ored 
shell  with  annulations;  m-n,  Phragmoceras  nestor  Hall,  lateral  and  end  views  of 
a  cu^^•ed   chambered  shell   with   peculiar  constricted   aperture.     Brochiopoda: 
o.  Peniamerus  oblon^us  Murch.,  lateral  view  of  an  internal  cast ;  p,  Spirifer  nutgn- 
renjti^t  (Con.),  extenor  view  of  the  brachial  or  dorsal  valve,  with  the  cardinal  area 
and  l>eak  of  the  pedicle  or  ventral  valve  showing  al>ove;  a,  Spirifer  radiatxis  Sow., 
a  \iew  similar  to  the  last.     These  two  figures  show  the  plicated  and  non-plicate<i 
spirifer  shells,  marked  with  fine  radiating  stria*;    r,   Trimerella  ohioensis  Meek, 
tne  internal  cast  ot  a  highly  differentiated  inarticulate  l)rachiopod.  showing  the 
fineer-like  casts  of  the  excavations  beneath  the  elevated  nuiscular  platforms; 
f,  Trimerella  acuminata  Bill.,  the  interior  view  of  a  pedicle  or  ventral  Aalve,  sliow- 
ing  the  elevated   platform  for  muscular  attachment,  excavated  beneath;    t,  w, 
Stropheadonia  profunda  Hall,  interior  of  the  pedicle  or  ventral  valve,  showing 
muscular   impressions,   cardinal   area,   delthyriuni,    and   crenulated    hinge   line, 
'^ith  an  enlarged  view  of  the  area  and  hinge;   v,  Chonefes  coruuhis  (Hall),  exterior 
\iew  of  pedicle  or  ventral  valve,  showing  the  cardinal  spines;    w,  Strci)tis  graj/i 
(Dav.),  exterior  view  of  the  brachial  or  dorsal  ^•alve.  showing  the  rarainal  area 
and  l»eak  of  the  opposite  valve  and  the  ptH'uliar  twisted  fonn  of  the  shell;   x, 
Rht/nrhotretn  cunrata  (Dal.),  exterior  view  of  the  brachial  or  dorsal  valve,  showing 
the  beak  and  pedicle  opening  of  the  opjwsite  valve.     Trilohita:  ?/,  Spluvrexoehua 
mints  Bey.,  dorsal  view;  z,  Stavrocephfilus  murch iso}}i  liarr,  dorsal  view,  showing 
the  peculiar  gloinilar  anterior  prolongation  of  the  head;  //,  Dciphon  jorlwsi  Barr, 
dorsal  view  of  a  peculiar  trilobite  having  the  pleural  lo!)es  nuieh  rediice<l;    uu, 
Cnhfmene  ni/ignrcnsis  Hall,  dorsal  view  of  one  of  the  connnonest  Silurian  trilo- 
bites:  rr,  Cffphnspis  christf/iHaW,  dorsal  \iew.     Pelecypodn:  ww,  Pterinen  emacemta 
(Con.),  exterior  view  of  the  left  valve.       Gnstro])ofln:    xx,  Loxonemn  hda  Hall; 
yy.  SuhuWfcsr'^iricttsusliaW:  zz,Pht!/oiiio}na  nia^arc/i«s  Hall,  views  of  three  tyjx'S 
cif  Silurian  coiled  shells.     (Weller.) 
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stood  the  vicissitudes  of  the  passage  from  the  Ordovician  to  the  Si 
rian  with  no  loss  to  the  prestige  of  the  class,  though  they  suffei 
an  almost  entire  change  of  species  and  a  very  large  change  of  gene 
When  it  is  considered  that  the  brachiopods  were  among  the  m 
resistant  and  conservative  of  the  invertebrates,  this  large  change 
species  and  genera  emphasizes  the  stress  of  the  conditions  that  c 
trolled  the  transition,  as  well  as  the  biologic  importance  of  the  inter 
of  transition. 

The  brachiopods  remained  the  most  abundant  organisms  of 
Mid-Silurian  fauna,  and  shared  with  the  crinoids,  corals,  and  cephi 
pods  the  leading  places.  They  had  gained  greatly  in  dififerentiat 
and  had  made  some  notable  advances  in  structure.  On  the  wl 
they  were  more  robust  and  gave  more  obvious  signs  of  abundant  ^dta 
than  in  preceding  periods.  The  curious  concavo-convex  forms  > 
less  abundant,  though  not  wanting.  There  was  a  great  increase  in 
spire-bearing  genera.  One  of  these,  the  Sjnrifer,  named  from 
fine  brachial  spires,  is  especially  interesting.  It  had  acquired  a  do 
provision  against  the  forcing  of  its  shell  by  devcAoping  a  longh 
line  at  the  back  and  a  strong  interlocking  fold  and  sinus  at  the  fi 
and,  in  addition,  its  biconvex  shell  was  usually,  though  not  ah 
well  pliciited  (Fig.  187,  p).  The  hinge  line  was  not  very  greatly  extei 
during  the  Silurian  period,  but  became  remarkably  elongate  in 
Devonian.  The  Spirifers  appeared  first  in  this  period,  but  had 
greatest  development  in  the  two  periods  following. 

It  is  interesting  to  note  that  along  with  the  progressive  dev< 
ments  tluTo  were  retrogressive  modifications.  Most  of  the  bra 
pods  w(*re  mounted  upon  or  attached  by  a  pedicle  which,  while  fi 
them  to  the  bottom  or  to  some  object,  gave  them  some  degree  of 
dom.  But  the  Crania  lost  the  functional  use  of  the  pedicel  at  an  < 
stage  in  the  individuaFs  life,  and  became  cemented  to  other  shell 
some  like  object,  thus  losing  their  freedom  of  motion.  Notwitlist 
ing  this,  the  family  was  more  abundant  than  in  preceding  per 
and  the  degenerate  development  was  apparently  advantageous. 
Among  the  beaked  shells,  the  Pentamerus  family  became  the 
consi)icuous  and  characteristic  type  (and  gave  name  to  certain  b 
The  rentamerus  oUongus  (Fig.  187,  o)  was  the  largest  and  one  o 
most  common  of  the  Silurian  brachiopods.  The  Pentamenis,  lik( 
Trimerella  (Fig.  187,  r,  6'),  developed  remarkable  processes  on  the  inl 
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rf  the  shell  for  the  apparent  purpose  of  shortening  the  muscles  and 
^Aing  them  better  attachment,  and  also  to  better  adapt  the  interior 
to  the  \Tsceral  parts.  Similar  structural  de^^ces  appe.ar  in  other  families. 
This  mode  of  securing  economy  or  advantage  appeared  in  Ordo^^cian 
times,  though  it  was  then  rare. 

Three  brachiopod  species  which  survived  the  vicissitudes  of  the 
transition  from  the  Ordovician  have  alreiadv  been  mentioned.  In 
the  St.  Lawrence  embavTnent,  where  there  was  less  disruption  of 
continuity,  at  least  two  other  species  passed  from  the  earlier  period 
to  the  middle  of  the  later.  In  Europe,  the  transition  seems  to  have 
been  easier,  and  more  species  surv-ived  it. 

The    decline   of    tiie  Inyozoans.  —  The   coral-like   bn^ozoans   con- 
tributed much  less  material  to  the  Silurian  limestones  than  to  those 
of  the  preceding  period.    This  was  partly  because  the  whole  class 
had  declined  in  abundance,  and  partly  because  the  more  massive  coral- 
line tj'pe  had  fallen  off  relatively,  and  was  largely  replaced  by  the 
more  delicate  reticulate  forms,  such  as  Fenestella  (Fig.  ISS,  /  and  g). 
This  change  was  probably  advantageous,  since  a  given  number  of 
mchviduals  arranged  in  such  a  plexus  would  compass  a  lai^r  area 
of  food  supply  than  in  the  more  crowded  form  of  the  massive  type 
and  at  the  same  time  would  not  seriouslv  sacrifice  their  connection 
with  one  another.    The  incrusting  forms  of   bryozoans  became  com- 
mon, and  often  covered  entirely  the  shells  of  mollusks  and  brachioixxls. 
The  continued  dominance  of  the  cephalopods. — Except  as  ix)ssibly 
rivaled  or  overmastered  by  the  little-known  vertebrates,  the  cephalo- 
pods remained  the  most  powerful  of  the  knovvn  inhabitants  of  the 
Silmian  seas.    The  large  straight  orthoceratites  were  less  prevalent 
than  before,  though  still  common,  while  the  curved  and  coiled  forms 
were  more  numerous.    The  orthoceratites  were  more  varied  in  external 
markings,  some  remaining  smooth,  some  being  fluted  longitudinally, 
and  some  being  annulated  by  rounded  rings  or  wavy  lines  (Fig.  187,  Or 
while  others,  by  a  combination  of  longitudinal  and  transverse*  mark- 
ings, developed  a  reticulate  ornamentation.    Curved  forms  wore  the 
most  numerous,  and  fully  coiled  fornis  were  common.    Tliose  were 
ornamented   externally  like  the  straight  forms,  but  they  were  still 
quite  plain  in  comparison  with  the  remarkable  ornamentation  which 
the  coiled  forms  assumed  in  later  times.    The  apertures  of  the  cephalo- 
pod  shells  of  the  Ordovician  were  usually  circular  or  oval,  but  in  the 
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tance  in  the  Silurian.  They  show  advances  in  the  preponderance  of 
elevated  spires,  in  increased  variety  of  form,  and  often  in  their  large 
sizes;  but  forms  coiled  in  low  spires,  or  in  a  plane,  were  still  well  repre- 
sented (Fig.  187,  XX,  j/j/,  zz).  The  pteropods  were  few,  but  the  peculiar 
form  Conularia  was  an  interesting  representative. 

The  pelecypods  (Fig.  187,  ww)  were  not  as  well  represented  in  the 
Mid-Silurian  beds  as  they  were  in  the  Ordovician,  perhaps  because 
the  calcareous  bottoms  were  less  congenial  to  them.  Some  of  the 
forms,  however,  were  quite  robust  and  displayed  notable  advances 
owr  previous  forms. 

Coral  development  and  the  inauguration  of  reef-building. — The 
prominence  gained  by  the  corals  in  suitable  situations  is  one  of  the 
notable  features  of  the  Silurian  fauna.  In  the  Ordovician  period  the 
simple  forms  predominated  over  the  compound.  The  ratio  was  now 
reversed,  and  the  latter  became  very  abundant.  Among  the  notable 
types  was  the  unique  chain  coral  Holy  sites  (Fig.  188,  c),  which  was 
occasionally  present  in  the  Ordovician,  but  now  became  abundant; 
the  honeycomb  coral,  Favosites  (Fig.  188,  a),  accompanied  by  a  group 
of  allied  genera;  the  organ-pipe  coral,  Syringopora  (Fig.  188,  6),  and 
the  cup  coral,  Zaphrentis  (Fig.  188,  e).  A  most  peculiar  coral  of  the 
simple  class  was  GoniophyUurii  (Fig.  188,  d),  which  instead  of  assuming 
the  usual  conical  cup  form  took  on  a  quadrangular  shape  and  was  pro- 
vided with  a  cover  (operculum)  of  four  triangular  plates  hinged  to 
the  four  sides  of  the  cup's  margin,  so  that  when  closed  they  formed 
a  pjTamid  over  the  cup  (Fig.  188,  d;  only  two  of  the  opercular  plates 
shown).  This  was  a  protective  device  quite  unknown  among  modern 
corals. 

With  their  increase  in  abundance,  the  corals  acquired  the  habit 
of  associating  themselves  together,  which  resulted  in  the  accumu- 
lation of  coralline  debris  and  the  formation  of  reefs  which,  as  thev 
grew,  rose  above  the  common  sea-bottom  and  secured  the  benefits 
of  purer  water  and  more  active  circulation.  The  known  coral  reefs 
appear  to  have  stood  some  distance  from  shore,  and  to  have  been 
of  the  barrier  tj-pe.  Other  life  in  groat  abundance  and  variety  gathered 
upon  or  about  these  reefs,  and  they  became  rich  depositories  of  the 
ancient  faunas.  The  reef-forming  habit  appears  to  have  been  local 
rather  than  general,  for  over  large  tracts  corals  are  found  scattered 
in  a  markedly  distributive  fashion. 
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The  initial  decline  of  the  trilobites. — No  new  families  of  trilobite 

far  as  known,  were  introduced  during  the  period.  Some  new  genei 
3re  added  and  many  new  species,  but  these  did  not  offset  the  di 
)pearance  of  old  ones,  and  the  class,  though  still  important,  may  1 
garded  as  having  already  entered  upon  its  decline,  so  far  as  prev; 
ice  was  concerned.  This  was  not  true  apparently  in  respect  to  tl 
nk  of  certain  leading  types,  which  continued  to  advance  in  orgar 
tion.  The  highest  Silurian  forms  were  structurally  equal,  and  pe 
ips  superior,  to  any  that  preceded.  The  causes  which  induced  tl 
cline  in  numbers  do  not  seem  to  have  been  incompatible  with  inc 
dual  and  generic  progress.  Singularly  erratic  developments  of  for 
tended  the  decline  of  the  trilobites,  some  features  of  which  are  shoT 

Fig.  187,  y,  z,  and  U.    Less  erratic  types  of  trilobites  are  shown 
g.  187,  uUj  w. 

Other  crustaceans. — In  addition  to  the  trilobites,  ostracodes  we 
it  uncommon,  and  their  little  bivalve  shells  are  sometimes  abunda 
fossils.  The  ceratiocarids  were  also  present.  In  view  of  the  remar 
le  development  of  a  distinctly  crustacean  fauna  in  the  last  stag 

the  period,  the  scantiness  of  these  crustaceans  in  the  Mid-Siluri 
och  is  notable. 

Other  marine  invertebrates. — There  was  a  most  prolific  field 
onges  in  western  Tennessee,  where  the  conditions  were  not  or 
ngenial  to  their  growth  but  favorable  to  their  preservation.  T 
Dst  abundant  genus  was  Astylospongia  (Fig.  187,  k),  a  more  or  1( 
herical  form  characterized  by  notably  grooved  smfaces.  A  saua 
aped  form,  Astrccospongia  meniscus  (Fig.  187,  j),  was  also  abundai 

Mr.  G.  F.  Harris  has  recently  found  that  sponges  form  the  nuc 

chert  nodules  in  the  Chicago  region.  The  genera  Astylospong 
ulocopina^  and  Hindia  have  been  identified. 

The  peculiar  Receptaculites  family,  whose  zoological  affinities  wc 
ig  in  doubt,  was  still  present,  but  chiefly  represented  by  Ischadit 

The  graptolites  had  lost  much  of  the  importance  they  possess 
Ordovician  times,  and  in  the  course  of  the  period  approached  extii 
)n.     Sea  worms  are  recognized  through  their  jaws,  tracks,  and  bi 
ws,  and  by  the  calcareous  tubes  which  some  of  them  secreted. 

The  scant  record  of  the  vertebrates. — In  the  earlier  and  Mid-S 
ian  deposits  very  few  relics  of  fishes  and  fish-like  organisms  ha 
ten  found,  and  these  few  are  very  imperfect.    Near  the  close  of  t 
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period,  Silurian  fishes  were  somewhat  abundant  and  will  be  considered 
in  connection  with  the  closing  Siliuian  fauna. 

Karine  plants. — Knowledge  of  marine  plant  life  remains,  as. before, 
very  unsatisfactory.  While  theoretically  it  must  have  been  abundant^ 
only  obscure  markings  of  the  fucoidal  type  and  a  few  evidences  of 
higher  forms  have  been  foimd,  and  the  interpretation  of  these  is  more 
or  less  doubtful. 

Foreign  Faunas  and  Migratory  Relations. 

Deferring  the  consideration  of  the  peculiar  closing  fauna  for  a  moment, 
the  foreign  relations  of  this  rich  and  varied  Mid-Silurian  assemblage 
claim  attention.    The  general  progress  of  life  on  other  continents,  so 
far  as  known,  was  similar  to  that  on  the  American,  but  perhaps  less. 
IHt)noimced  and  sjonmetrical.    A  part  of  this  similarity  of  progress 
was  doubtless  due  to  parallel  evolution  under  similar  general  condi- 
tions, while  a  part  was  quite  certainly  due  to  intermigration     Where 
the  forms  on  different  continents  were  merely  similar,  it  is  at  present 
an  open  question  whether  the  similarity  was  due  to  intermigration 
with  modification  or  to  independent  evolution  along  similar  lines;  but 
where  the  forms  on  separate  continents  are  specifically  identical,  espe- 
cially if  the  species  be  peculiar  and  aberrant,  it  may  safely  be  assumed 
U«  ttey  W  .  common  origin,  and  that  'migration  i.  Ldicled.    A 
striking  case  of  this  kind  is  presented  by  the  quadrangular  operculated 
coral  Goniophyllum  pyramidale,  already  mentioned  (Fig.  188,  d),  which 
is  found  with  identical  idiosyncrasies  in  the  island  of  Gothland  in  the 
Baltic  Sea,  and  in  Iowa.    This  e\ndence  of  migration  is  much  strength- 
ened by  the  presence  in  Gothland  of  three  peculiar  genera  of  crinoids 
that  are  also  found  in  the  upper  Mississippi  region.    Besides  such 
special  cases,  many  prominent  and  familiar  species  were  common  to 
America  and  Europe,  among  which,  neglecting  the  wide-ranging  grapto- 
lites,  were  Favosites  gothlandica,  Halysites  calenulaius,  Hdiolites  inter- 
stinctus,  Dalmanella  elegantula,  Pentamerus  oblongus,  Spirifer  radiatus, 
Rhynchotreta  cuneata,  Atrypa  reticularis,  Orthocera^  annulatum,  Homa- 
hmoius  ddjMrwcephaluSy  and  others.    Some  of  these  are  also  found 
in  Asia,  Australia,  and  New  Zealand.    Silurian  genera  occur  in  Bolivia, 
Peru,  and  Brazil,  some  species  of  which  resemble  North  American  and 
European  species,  but  they  have  not  been  proved  to  be  identical.    Migra- 
tory connections  in  this  case  cannot  be  affirmed,  but  such  coimectiona 
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h  Europe,  Asia,  Australia,  and  New  2tealand  may  be  assumed 
iblished.    Since  thirty  or  more  species^  are  known  to  be  commi 
North  America  and  Europe  (the  interior  of  North  America  ai 
3den  and  Great  Britain),  and  since  these  embrace  a  wide  range 
era  of  very  different  habits,  there  is  a  strong  presimiption  of  rath 
mate  relations.    The  lines  of  intercommunication  therefore  becor 
Iters  of  interest  biologically  and  geographically. 
The  migratory  route. — The  most  marked  community  of  species 
erved,  not  between  the  Atlantic  border  fauna  of  America  and  th 
the  opposite  coast  of  Europe,  but  between  the  interior  Americ 
na  and  that  of  Sweden  and  Great  Britain.    Singularly  enoug 
s  the  interior  fauna  that  is  pronouncedly  intercontinental  and  c( 
politan  in  character.    It  has  already  been  stated  that  the  interi 

seems  to  have  had  no  free  communication  with  the  eastern  ai 
ithern  coast  regions,  and  that  an  extension  to  the  far  west  is  doul 

while  to  the  northward  a  chain  of  deposits,  now  separated  by  er 
1  but  probably  once  continuous,  points  to  a  broad  thoroughfa 
that  direction  (see  map  Fig.  174  and  Fig.  190).  This  reaches 
rth  Greenland,  from  which,  by  way  of  Spitzbergen,  Nova  Zemb 
I  North  Russia  to  Gothland  in  the  Baltic,  the  steps  are  not  excessive 
at.  The  supposed  connecting  fauna  has  not,  however,  yet  be 
ntified  in  the  imperfectly  known  Paleozoic  beds  of  Spitzberge 
va  Zembla,  and  North  Russia.  There  is  a  possible  alternative  1 
y  of  the  Iceland-Scotland  submerged  plateau,  and  still  anotl: 
:^rnative  by  way  of  the  northwestern  or  Siberian  route. 
The  paleontologic  evidence  favors  a  northern  route,  for  the  fau 
the  Arctic  islands  contains  many  species  common  to  the  Americ 
?rior  province  and  the  Swedish-English  province.  It  is  significa 
X  the  Mid-Silurian  fauna  of  Sweden  more  closely  resembles  th 
the  American  interior  than  it  does  that  of  New  York.  Relati 
the  assigned  northern  thorouglifare,  the  New  York  area  was  a  sit 
f  or  embaymcnt  less  readily  reached  by  immigrants  from  the  nor 
n  wore  the  more  open  seas  to  the  west.  The  very  singular  coi 
nity  of  aspect  recently  shown  to  exist  between  the  faunas  of  Got 
d,  Sweden,  and  Dudley,  England,  and  the  lowa-IUinois-Wiscons 
ion  give  special  emphasis  to  this.^    Crotalocrinus,  one  of  the  mc 

'  Phillips,  Man.  GeoL,  Pt.  II,  1885,  p.  122. 

2  Weller,  Jour,  of  Geo!.,  Vol.  IV,  1896,  pp.  166-173,  and  Vol.  VI,  1898,  pp.  692-7( 
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singular  and  highly  specialized  genera  of  crinoids,  together  with  the 
genus  CorymbocrinriSf  are  common  to  the  Gothland  and  the  Chicago 
faunas.  Petalocriniis,  another  highly  specialized  genus,  is  common 
to  Gothland,  Iowa,  and  Indiana.  The  peculiar  little  twisted  brachio- 
pod  SirepHsj  of  Europe,  also  occurs  at  Batesville,  Ark.,  as  do  the 
|)eculiar  trilobites  Deiphon  and  Stauroce;.halus,  which  occur  also  at  Chi- 
cago. The  notable  case  of  the  square-topped  operculated  coral  has 
already  been  mentioned.  The  presence  of  these  several  very  peculiar 
and  specialized  forms  at  these  localities  on  the  two  continents,  taken 
in  connection  vnth  the  many  less  peculiar  forms,  clearly  implies  free 
intermigration  and  points  with  probability  to  the  northern  route. 

The  faunas  that  occupied  the  Appalachian  trough,  the  St.  Lawrence 
emba}Tnent,  and  the  Atlantic  coast  appear  to  have  had  only  indirect 
and  limited  connection  with  that  of  the  interior  during  the  earlier  and 
Mid-Silurian  epochs.^  In  the  present  state  of  knowledge,  these  bear 
the  aspect  of  provincialism,  as  they  have  only  a  few  species  com- 
mon to  the  great  cosmopolitan  fauna  of  north  central  America  and 
northern  Europe. 

The  Closing  Restrictional  Stage, 

Following  the  luxuriant  life  of  the  Mid-Silurian  epoch,  there  came, 
in  North  America  at  least,  a  very  notable  decline  due  to  the  with- 
drawal of  the  epicontinental  waters  from  the  larger  part  of  the  interior 
and  to  the  conversion  of  the  remainder  into  an  excessively  salt  sea. 
In  the  deposits  (Salina)  of  this  sea  almost  no  fossils  are  found  The 
tract  of  excessively  briny  water  appears  to  have  formed  a  veritable 
*'  dead  sea,''  though  it  was  perhaps  not  absolutely  devoid  of  life.  This 
almost  lifeless  sea  was  a  peculiar  and  rather  local  development,  and 
is  to  be  regarded  as  a  striking  incident  only  in  the  more  general  restric- 
tional movement.  In  addition  to  this  special  feature,  the  life  evolu- 
tion appears  to  have  been  affected  by  the  partial  replacement  of  the 
marine  fauna  by  a  fresh  or  brackish-water  fauna,  another  unusual  fea- 
ture, at  leai?t  one  not  before  clearly  recorded.  It  cannot  be  said,  how- 
ever, that  this  was  certainly  true,  but  it  appears  to  us  the  better  of  the 
two  interpretations  that  will  presently  be  set  forth.  If  this  be  correct, 
the  rich  marine  fauna  which  prevailed  so  widely  in  the  Mid-Silurian 
times  suffered  restriction  in  the  closing  Silurian  stages  not  only  to  the 

»  llrich  &  Schuchert,  Rep.  N.  Y.  St.  Pal.,  1901,  pp.  647-651.  Weller,  Geol  Surv. 
N.  J   Pal.,  VoL  in,  1901,  pp.  72-76. 
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tent  of  the  increase  of  the  land  area,  but  also  to  the  extent  that  se 

iter  was  replaced  by  water  bodies  too  salt  or  too  fresh  for  the  strict 

irine  life. 
The  importance  of  recognizing  the  fresh-water  or  brackish-wat 

inas,  if  they  really  were  such,  lies  in  the  fact  that  they  did  not  coi 

tute  a  relief  or  a  resilience  from  the  restrictional  movement  of  ti 

irine  fauna,  but  intensified  it.    They  were  a  feature  of  the  reciproc 

pansional  evolution  of  the  land  life  in  the  broader  sense  of  th 

•m  which  includes  the  life  of  the  land  waters  as  well  as  that  of  t 

id  itself.    The  life  of  the  land  and  land-waters  expanded  and  co 

icted  together  in  general,  and  in  a  phase  opposite  to  that  of  the  se 

le  faima  which  brings  up  this  interesting  question  is  that  of  the  Wat< 

le  to  which  we  now  turn. 

The  advent  of  a  remarkable  crustacean  fauna. — The  Waterlii 
ds  represent  a  gradual  return  of  the  Salina  basin  to  a  condition  h( 
:able  to  life.  The  fauna  contained  in  these  beds  is  limited,  but  mc 
^cresting  and  suggestive.  In  its  dominant  aspect  it  was  a  radi( 
parture  from  that  of  Mid-Silurian  stage,  in  that  most  of  the  famili 
irine  types  were  absent,  while  its  signal  feature  was  an  abundan 

large  crustaceans  of  t5rpes  barely  represented  before.  The  mc 
aracteristic  of  these  were  the  great  Eurypterus  (Fig.  189,  a)  and  t 
11  more  gigantic  Pterygotus  (Fig.  189,  b).  The  former  reached 
igth  of  one  and  a  half  feet  or  more,  and  the  latter  attained  in  t 
xt  period  (Devonian),  to  which  this  stage  was  a  transition,  a  leng 

over  six  feet.  For  crustaceans,  these  were  truly  gigantic  dime 
)ns,  and  were  probably  never  surpassed.  These  giants  among  th 
nd  seem  clearly  to  have  been  aquatic  forms,  but  whether  they  w€ 
imarily  marine  or  fresh-water  habitants  is  not  so  obvious.  Th 
e  wholly  extinct,  and  their  habitat  can  only  be  inferred  from  th( 
sociations.  Some  crustacean  fragments  that  seem  to  belong 
e  same  subclass  as  the  eurypterids  (Merostomata)  have  been  fou] 
'  Walcott  in  Pre-Cambrian  beds,^  but  their  associates  are  too  f( 

throw  much  light  on  this  question,  though  they  favor  a  mari 
.bitat.  A  very  few  eurypterids  appear  in  the  Ordovician,  whe 
ey  are  associated  with  marine  invertebrates.  In  the  Waterlir 
ds  they  are  associated  with  ceratiocarids  and  ostracodes  which  a 
ually  marine,   and,   very   rarely,   with  certain  brachiopods,   whi( 

>  BuU.  Geol.  Soc,  Am.,  Vol.  X,  pp.  199-224,  1899. 
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ate  mariite.  In  the  transition  beds  of  E^ngland,  Sweden,  and  Russia, 
the  eurj*pterids  are  associated  more  freely  with  marine  forms,  but  they 
aip  also  associated  with  the  seeds  of  land  plants  and  with  fish  which, 
in  the  succeeding  stage,  seem  to  have  occupied  land  waters  chieSy, 
In  the  Devonian  and  Carboniferous  periods,  in  which  the  eurypterids 
rrached  their  climax  and  passed  into  their  decline,  and  where  they 
seem  to  have  been  in  their  more  normal  relations,  they  are  associated 
vith  land  plants,  scorpions,  insects,  fishes,  and  fresh-water  amphibians, 


Fig.  IS9. — o,  Eurypferus^AeriEich..  restoration  after  Schmidt ;  h.  Picrofiolii"  nnglina 
Ajraas.,  restoration  after  Woodward;  c.  Patirophoniis  cakilnniruf  Hunter,  after 
Peach;    d,  Palaatpii  americana  Claypole,  restoration  by  Claypole,  modified  by 


which  seem  to  imply  a  fresh-water  habitat.  In  the  liglit  of  these 
facts  the  more  common  inference  has  been  that  they  wore  originally 
marine  fonns,  and  became  adapted  later  to  brackish  an<l  fresh-water 
conditions.*  The  alternative  inference  is  that  the>-  were  originally 
denizens  of  the  land  waters,  and  that  their  remains  were  occasionally 
and  sometimes  quite  freely  carried  out  to  sea  by  streams,  and  wvre 

'See  Zittd'a  Text-book  of  Paleontologj-,  Eostman's  TranBlatioti,  1900,  p.  G73. 
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lus  fossilized  with  marine  forms.  Their  occasional  presence  in  t 
irlier  periods  is  thus  explained,  while  their  seemingly  sudden  appei 
ice  in  abundance  and  in  gigantic  forms  in  the  closing  Silurian,  a 
leir  prominence  in  the  land-water  deposits  of  the  Devonian  and  G 
3niferous  finds  ready  explanation  in  the  fact  that  these  are  the  fii 
ell-preserved  fossil-bearing  deposits  of  land  waters.^  In  these  depos 
le  eurypterids  often  appear  without  any  marine  associates,  wh 
jcasionally  there  are  some  marine  or  at  least  brackish-water  fon 
;sociated  with  them,  implying  either  that  they  lived  in  bracki 
•  salt  water  at  times,  or  that  their  remains  were  carried  out  into  su 
aters  by  the  land  streams  or  estuarine  currents. 

These  doubts  as  to  the  habitat  of  the  eurj^jterids  lend  special  int< 
;t  to  their  fine  development  in  the  Waterlime  beds  from  which  m( 
isks,  crinoids,  corals,  and  similar  marine  forms  are  almost  entire 
3sent.  The  few  brachiopods  found  are  usually  pauperitic,  as  thou; 
ley  lived  in  uncongenial  conditions.  The  occasional  presence  of 
w  undoubted  marine  forms  does  not  so  much  indicate  that  the  wat< 
ere  habitually  saline  as  merely  that  they  were  occasionally  ai 
artially  so. 

It  is  suggestive,  in  this  connection,  to  note  that  these  great  crusi 
*ans,  appearing  thus  abruptly  in  the  Waterlime  deposits,  are  n 
)un(i  in  the  true  marine  beds  that  overlie  the  Waterlime,  as  mig 
:»  expected  if  they  were  true  marine  t}T)es  recently  come  into  t 
'US,  or  into  fossilizable  form.  It  seems,  therefore,  rather  more  rt 
)nablo  to  regard  their  normal  habitat  as  connected  with  the  spec 
)n(litions  that  prevailed  during  the  Waterlime  formation,  tlian  wi 
w  typical  conditions  of  the  sea.  The  Waterlime  formation  is  ui 
c^rsally  regarded  as  representing  a  stage  of  emergence  from  the  exc< 
vely  salt  Salina  stage.  Emergence  from  this  stage  might  take  eith 
f  two  forms — (1)  The  connection  of  the  basin  with  the  sea  mig 
av(^  boooine  more  ample,  and  the  excessive  saltiness  of  the  water  mig 
(»  reduced  by  interchanging  currents  to  the  normal  salinity  of  t 
\\.  In  this  case  the  marine  life  should  creep  back  into  the  region 
r()i)orti()n  to  its  endurance  of  briny  water,  and  the  fauna  should  alwa 
[*  truly  marine.  (2)  On  the  other  hand,  without  any  material  chaUj 
I  the  attitude  of  the  surface  or  in  its  connections  with  the  sea,  tl 

*  On  the  Habitat  of  the  Early  Vertebrates,  T.  C.  Chamberlin,  Jour.  GreoL,  Vol.  \l. 
)00,  pp.  400-412. 
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precipitation  might  be  increased,  or  the  evaporation  lessened,  or  both, 
and  as  a  result,  the  waters  of  the  basin  would  become  brackish  and 
even  quite  fresh,  where  joined  by  streams,  and  would  thus  permit 
the  introduction  of  a  fresh-water  faima  from  the  adjacent  land  waters. 
If,  at  the  same  time,  the  limited  and  perhaps  intermittent  connection 
with  the  sea  still  obtained,  as  it  appears  to  have  done  during  the  Salina 
stage,  there  would  also  be  some  opportimity  for  the  introduction  of 
tnarine  forms  from  the  sea,  especially  at  and  near  the  points  of  such 
connection.  The  variations  in  the  ratio  of  precipitation  to  evapora- 
Son  might  naturally  lead  to  variations  in  the  constitution  of  the 
water  of  the  basin,  and  hence  to  conditions  favorable  to  variation  in 
the  faunas,  and  to  the  mixing  of  those  marine  and  fresh-water  species 
that  could  stand  the  greatest  variation  in  salinity.  This  latter  inter- 
[ffetation  is  djuamically  the  simpler  and  seems  to  us  the  better  to  fit 
;he  fossil  evidence. 

Eurj-pterids  appeared  prominently  about  this  time  in  the  faunas 
)f  certain  beds  in  England,  Wales,  Scotland,  Sweden,  and  Russia.  In 
hese  regions  there  is  no  association  with  salt  deposits,  a  fact 
»vhich  seems  to  imply  that  high  salinity,  as  such,  was  not  an  essential 
condition.  There,  as  in  America,  the  eurypterids  do  not  pass  up  into 
luch  of  the  overlying  beds  as  are  well  stocked  with  marine  fossils, 
ilthough  there  is  more  or  less  association  with  certain  marine  forms. 
)n  the  contrar}',  they  seem  to  pass  up  into  deposits  of  the  "  Old  Red 
sandstone  "  type,  whose  other  fossils  are  chiefly  land  plants  and  fishes. 
!n  the  Coal  Measures  of  both  continents  similar  eurypterids  are  found 
ossilized  with  numerous  delicate  ferns,  as  though  they  had  been  buried 
ogether  in  some  quiet  body  of  inland  water.  AMiile  these  associa- 
ions  are  not  entirely  decisive,  they  lend  some  notable  strength  to  the 
oference  that  these  large  crustaceans  were  fresh-  or  brackish-water 
orms  rather  than  true  marine  forms,  and  to  the  further  inference  that 
he  peculiarities  of  the  fauna  of  which  they  are  a  conspicuous  factor 
i?ere  dependent  upon  the  conditions  of  terrestrial  or  senii-tern\^trial 
iraters,  rather  than  upon  those  of  true  sea- waters. 

The  appearance  of  scorpions. — It  is  at  this  time  also  that  the  earliest 
nown  scorpions  appeared  both  in  America  (New  York)  and  Euro[x> 
Scotland  and  Sweden).  These  were  allied  to  the  eurypterids,  and 
heir  association  lends  something  of  force  perhaps  to  the  preceding 
ODsiderations.    The    European    forms    have    been    thought    to    show 
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.   190.— Hathymetric  chart  of  tlie  nort)i  polar  sras,  auggeating  routes  of  migrntioi 
for  marine  organisms,     (Attpr  NajiHen.) 
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breathing  pores,  and  hence  to  be  land  species,  as  are  the  present  forms, 
but  tUs  has  been  questioned.  The  sting  and  the  poison  glands  have 
been  identified,  and  the  significant  name  Palceophanns,  "  ancient  mur- 
derer," applied  in  consequence  (Fig.  189,  c).  Whitfield,  however,  thinks 
that  the  American  species  may  have  been  aquatic. 

The  presence  of  fishes. — ^The  addition  of  fishes  emphasizes  the 
pecularities  of  this  fauna.  Except  for  their  singular  occiurence  in  Colo- 
rado in  the  Ordovician,  fish  remains  have  not  been  foimd  in  America 
until  this  stage.  Palo^aspis  americana  (Fig.  189,  d),  a  low  fish-like 
form  referred  to  the  ostracoderms,  has  been  described  by  Claypole 
from  Pennsylvania.  In  Europe  a  few  fishes  appear  somewhat  earlier 
than  this  in  the  Ludlow  formation,  but  nearly  all  the  fish  remains  of 
the  period  occur  in  the  very  highest  horizons  regarded  as  Silurian, 
or  in  the  deposits  that  form  the  transition  to  the  Devonian  period, 
where  they  are  associated  with  eurypterids  and  land  plants,  as  well 
as  marine  invertebrates.  It  would  appear  from  the  remains  that 
fishes  were  rather  abundant  and  varied  in  their  development  at  cer- 
tain stages.  The  relics,  however,  are  fragmental  and  embrace  teeth, 
dermal  plates,  spines,  shagreen  scales,  etc.  These  fishes  appear  to 
have  been  the  forerunners  of  the  abundant  fishes  of  the  Old  Red  Sand- 
stone (Devonian)  into  which  the  transition  beds  of  Great  Britain  gradu- 
ate, and  as  these  Old  Red  Sandstone  beds  were  probably  land-water 
deposits,  the  association  of  the  fish  with  the  eurypterids  and  with 
land  plants  carries  some  further  presumption  that  the  peculiar  crusta- 
cean fauna  lived  normally  in  land  waters.  It  is  not  to  be  overlooked, 
however,  that  in  the  transition  beds  the  fishes  are  also  associated  with 
marine  fossils,  and  there  is  no  question  that,  before  the  close  of  the 
Devonian  period,  certain  fishes  at  least  became  truly  marine.  It  is 
therefore  entirely  consistent  with  either  view  of  the  place  of  origin 
of  fishes  to  regard  these  as  marine  forms,  or  as  forms  frequenting  both 
salt  and  fresh  water.  It  is  to  be  noted  further  that  not  a  few  of  the 
forms  conveniently  referred  to  here  as  fishes  were  probably  ostraco- 
derms which  have  certain  arthropod  characters  and  are  not  unlikely 
to  be  made  a  separate  class,  as  will  appear  later. 


CHAPTER  VIII. 

THE  DEVONIAN   PERIOD. 

Formations  and  Physical  History. 

The  division  plane  between  the  Silurian  and  Devonian  systems  is 
clearly  marked  than  that  between  the  Silurian  and  the  Ordoviciaa. 
already  indicated,  there  is  difference  of  opinion  as  to  whether  the 
derberg^  formation  belongs  to  the  one  system  or  to  the  other. 
Whatever  the  final  reference  of  the  Helderberg  formation,  its  rela- 
is  to  the  immediately  preceding  and  succeeding  formations  serve 
show  that  the  separation  of  the  Devonian  from  the  Silurian  is  less 
met  than  that  of  the  Silurian  from  the  Ordovician.    Under  either 
these  points  of  view,  the  sea  again  invaded  the  land  early  in  the 
/onian  period,  perhaps  establishing  some  such  relations  as  shown 
Fig.  191.    During  the  period,  there  were  changes  in  the  relations 
land  and  water,  some  of  which  were  of  great  importance  in  theii 
cts  on  the  life  of  the  period.    These  will  be  noted  later. 
The   subdivisions   of   the   Devonian   which  have  been   commonb 
Dgnized  in  America  (the  Helderberg  being  included)  are  as  follows 
several  formations  being  numbered  in  chronological  (and  strati 
phical)  order: 

5.  Chemung-Catskill: 

Chemung. 

Portage. 
4.  Hamilton: 

Hamilton. 

Marcellus. 
3.  Corniferous: 

Corniferous. 

Schoharie  and  Cauda  Galli. 
2.  Oriskany. 
1.  Helderberg. 

As  originally  classified,  there  wa.s  a  Louder  and  an  Upper  Helderberg  formatioc 
latter  is  now  more  commonly  known  as  the  Onondagan  CCorniferoiis).     In  thi 

ime  the  term  Helderberg  is  applied  to  the  former  only.    The    adjective  "lower' 

efore  becomes  superfluous. 
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O.  191. — Map  of  North  America,  showinE  the  outcrops  of  the  HcldpHierK  fonnatioa 
w»d  the  rdations  of  land  and  water  aiirinj;  the  Helderberg  epoch.  The  eonvcn- 
tiODS  are  the  same  as  id  the  earlier  maps  of  the  series. 
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The  recently  nmsed  elaaafication  for  New  York  ^  is  as  follows: 


\«ic»de%'Cffuc. 


ChdunaaqaaB.  .      diemimg  linciudiii^  Cktddll) 


onic. . 


Mesodevonic. 


i 


LlsteriAn. 


Paleodevonic. 


Oriskanian. 


il^illv  IiiiiestoDe 

{HamiltoD  siiafe 
JfaroeUus  shale 


Ononda^  (Comiferous)  limestozM 

Scfaohanegrit 

Esopusgm 

Oriiduuiv  beds 


Heklerbeiigiiin. . 


Kingston  beds 
Becraf t  limestone 
New  Scotland  beds 
Coevmans  Kinest<Hie 


The  new  cIa.ssification  has  an  advantage  over  the  old  in  that  tl 

le  name  is  not  used  to  indicate  subdivisions  of  different  importanc 

the   disadvantage   of  adding  to   the   burden   of  nomendatur 

J  term  Devonian  wll  be  retained  instead  of  Devonic,  and  Lowe 

Idle,  and  Upper  Devonian,  as  synonjTns  for  Paleo-,  Meso-,  and  Ne< 

'onic,   respectively.    The   subdi\'isions   in   the   last   two    columi 

to  be  regarded  as  appropriate  for  the  New  York  region,  and  tha 

he  s(»con(l  columns  from  the  right  may  have  wider  applicability. 

Recent  Iv  revised  cla&sifications  for  Marvland^  and  the  interior 

giv(»ii  l)elow.     In  the  latter,  Helderberg  is  excluded. 


Maryland. 

1.  Hampshire  =  Cat. skill  in  part. 

.  Jennings  =  Genesee  and  rortage. 

.  Romnev  =Krian.* 

.  C)riskany. 

.  Helderl )erp;  =  Coevmans. 


Interior. 

5.  Chemung. 

4.  Portage  (including  Genesee). 

3.  Hamilton. 

2.  Onondaga  (Comiferous). 

1.  Oriskany. 


The  Lower  Devonian. 

The    Helderbergian    series. — ^The    known    Helderbergian    series 
oly  coiifinod  to  the  eastern  part  of  North  America.     It  is  known  (] 
laiiie  ^  and,  beyond  the  United  States,  in  Gasp^,  New  Brunswicl 

M'lark  and  Schuchert,  Science,  Vol.  X,  1899. 
M)'llara,  Maryland  Survey,  Allegany  County. 
'  Hayes  and  Ulrich,  Columbia  (Tenn.)  folio,  1903. 
-  Prosser,  Jour,  of  Geo!.,  Vol.  XII,  p.  361. 
MVilliams.  Bull.  1G5,  U.  S.  Geol.  Surv. 
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and  Nova  Scotia,  and  a  remnant  belonging  to  the  same  general  prov- 
ince occurs  near  Montreal;'  (2)  in  the  Appalachian  belt,  and  (3)  in 
tlie  lower  Mississippi  basin  {see  Fig.  191). 

During  the  Hekicrbergian  epoch,  as  before,  the  sea  of  the  Appa- 
lachian trough  seems  to  have  had  eastward,  but  not  westwarti,  con- 
nections. The  fauna  of  the  Appalachian  Helderbergian  beds  is  very 
similar  to  that  of  the  region  east  of  the  lower  St.  LawTenec.    From 


Fio.  192— Helderberg  limestone, Wilbur,  New  York.    (DarWn,  U.  S.  Geol.  Surv.) 

Ihese  relations  it  is  inferred  that  the  Helderbergian  fauna  of  the  eastern 
coast,  like  the  Silurian  fauna  of  the  same  region,  found  entrance  to 
the  Appalachian  trot^,  and  from  relations  which  will  not  be  detailed 
here,  it  is  conjectured  that  the  entrance  was  effected  by  an  inlet 
near  the  present  Chesapeake  bay  (Fig.  191).  The  fauna  of  the  Ilelder- 
IxTgiaii  IxhIs  in  the  lower  Mississippi  basin  is  also  of  tlie  Apj)alachian 
tyix',  indicating  geographic  conditions  wliich  aIIowe<l  of  the  migration 
of  the  Atlantic-coast  faunas  into  this  region. 

The    Hekierberg  fonnation   is   largely   limestone,   which  suggi'sts 

'  WhitcavcB,  Am.  GeoL,  Vol.  24,   1899.  pp.  210-40.      A  review  of  Ibo  I  cvoiii.in 
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subaerial  erosion  was  not  taking  place  at  a  rapid  rate,  and  that 
principal  formation  of  the  epoch,  as  far  as  our  continental  area 
)ncemed,  was  extracted  from  the  sea-water, 
rhe  Helderbergian  series  is  300  to  400  feet  thick  in  eastern  New 
k,  and  350  to  600  feet  in  Pennsjdvania.     It  thins  to  the  west, 
ig  but  a  few  feet  thick  in  Ohio,  and  100  feet  or  less  in  western  Ten- 
ee.    In  the  \dcinity  of  Gasp^,  there  is  a  continuous  formation 
imestone  some  2000  feet  thick,  a  part  of  which  is  of  Helderbergian 

The   Oriskany. — ^The   Oriskany  formation  is  best  known  in  the 
^alachian  re^on,  but  beds  of  the  same  age  have  a  wide  but  undet^r- 
ed  distribution  in  the  eastern  part  of  the  Mississippi  basin,  and 
he  St.  LawTence  basin  in  the  southern  part  of  Ontario.     Beds  con- 
poraneous  with    the  eastern  Oriskany  are  more  widespread  than 
eastern  Helderberg  formation.     In  the  region  where  best  kno^vn, 
Oriskany  is  made  up   chiefly   of  coarse-grained  sandstone.    The 
Qity  of    Cumberland,    Md.,  may   be  regarded  as  the    center  of 
Oriskany  of  the  mountain  belt.    From  this  locality,  it  extends 
1  northeast  and  southwest,  but  thins  in  both  directions  and  loses 
most   distinctive   faunal   characteristics.    To   the   westward,   the 
lal   characteristics  of   the  Appalachian   belt   are  found   as  far  as 
uga    in    Ontario,   indicating   that   the    barrier   between    the    Ap- 
icliian  trough  and    the   interior — a  barrier  which  seems  to  have 
I    effective    since    the    Utica    epoch — was    removed    during    this 
?h,  allo\nng  the  life  of  the  former  region  to  migrate  into  the  latter, 
the  southerly  part  of  the  Mississippi  basin   (western  Tennessee) 
Oriskany  fauna  also  appears,  though  the  formation  in  which  it 
ii\s   (Camden  chert)   has  no  lithological  likeness  to  the  Oriskan} 
lie  east.    In  general,  the  beds  of  the  interior,  which  are  perhaps 
teinporaneous  with  the  Oriskany  of  the  Appalachian  belt,  are  not 
;'ply    difTerentiated    from    the  overlying  beds,  either  lithologically 
)al(*oiitologically. 

As  devc^oix^d  in  the  Appalachian  belt,  the  Oriskany  is  a  thin  forma- 
raiiging  from  a  score  of  feet  in  New  York  to  several  hundred  feet 
(laryland  and  Virginia. 

In  the  northeast  (Gasp^,  Now  Brunswick,  and  Nova  Scotia)  the 
dor  berg  formation  has  not  been  clearly  differentiated  from  over- 
g  parts  of  the  Devonian  system,  but  beds  containing  the  Oriskany 
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fauna  have  here  an  extensive  development.  In  northern  M^e  (Moose- 
head  Lake  region)  the  Lower  Devonian  series  (probably  with  other 
Undifferentiated  beds)  is  reported  to  have  a  thickness  of  several  thou- 
sand feet.*  From  the  testimony  of  fossils,  both  European  and  Ameri- 
can, it  is  supposed  that  there  was  shallow-water  connection  between 
eastern  North  America  and  southern  Europe,  allowing  marine  life  not 
at  home  in  deep  water  to  pass  from  the  one  continental  region  to  the 
other. 

The  Middle  Devonian. 

Local  eastern  formations. — In  the  east  the  Oriskany  formation 
is  succeeded  by  other  clastic  beds  (Esopus,  formerly  called  Cauda 
Gralli,  and  Schoharie  grits).  Their  equivalents  have  not  been  differ- 
entiated west  of  the  Appalachian  region.  These  formations  are  rela- 
tively thin,  and  are  made  up  of  sediments  accumulated  near  shore. 

The  Onondaga. — ^They  are  succeeded  by  the  Onondaga  limestone, 
which  is  much  more  widely  distributed,  spreading  from  New  York 
on  the  east  to  the  Mississippi.  AVithin  this  area,  the  Onondaga  rests, 
now  on  Silurian  2  (Niagaran  or  later)  beds,  and  now  on  Waterlime,^ 
often  with  little  evidence  of  imconformity,  and  with  no  intervening 
beds  which  carry  an  Oriskany  fauna. 

During  the  Onondagan  epoch,  the  connection  between  the  Atlantic 
and  the  interior  by  way  of  the  Chesapeake  region  appears  to  have  lx?en 
closed  (Fig.  193):  but  the  descendants  of  the  Oriskany  fauna  which 
had  entered  the  Mississippi  basin  while  the  passage  was  open,  are  to  b.> 
recognized  in  the  fauna  of  the  Onondaga  limestone. 

The  lower  beds  of  the  Onondaga  limestone  may  have  been  in  process 
of  deposition  over  the  eastern  interior  while  the  Esopus  beds  were 
accumulating  in  the  Appalachian  belt.  If  this  be  the  case  the  con- 
ditions for  limestone  accumulation  w^erc  presently  extended  eastward 

» Williams  and  Gregorj-,  Bull.  165,  U.  S.  Geol.  Sur\\,  p.  22. 

»  Geol.  Surv.  of  Iowa,  Norton,  Vol.  IV,  p.  127,  and  CalN-in,  Vol.  VII,  p.  W.  See 
also  Simonds.  Arkansas  Geol.  Sun.,  Vol.  T\\  1888;  Hopkins,  Vol.  IV,  1890;  Vol.  II, 
1891;  W'illiams  (H.  S.),  Vol.  V,  1892.  The  presence  of  Middle  Devonian  strata  in 
Arkansas  is  uncertain. 

'  Blatchley  and  Ashley,  22d  Ann.  Kept.  Dept.  of  Geol.,  etc.,  of  Indiana;  and 
Sherzer,  GeoL  Surv.  of  Bfichigan,  Vol.  ^^I,  p.  37;  so  also  in  Missouri,  see  Missouri 
Geol.  8ur\-.,  VoL  XII,  p.  67,  and  22d  Ann.  Kept.  U.  S.  Geol.  Surv.,  Pt.  II,  p.  85; 
and  Shepard,  Missouri  Geol.  Sun-.,  Vol.  XII,  pp.  67-82. 
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The  Onondaga  limestone  of  the  interior,  often  described  und 
)ther  names  (Comiferous/  etc.)  is  usually  not  thick,  rarely  more  th 
LOO  or  200  feet,  but  it  nevertheless  represents  a  long  interval  of  tin 
dnce  limestone  accumulates  but  slowly. 

Onondaga  limestone  (or  the  equivalent  of  the  Ulsterian  seri( 
)ccurs  east  of  the  Appalachian  belt  in  northern  New  England  a 
>nada  where  it  has  a  distribution  similar  to  that  of  the  Helderbe: 


Fig.  194. — Section  showing  the  relations  of  the  Devonian  system  between  Porcui 
Mountain  and  the  mouth  of  the  Saskatchewan  River.  Length  of  section,  ab 
125  miles.     (Tyrrell,  Geol.  Surv.  of  Canada.) 

M  Gasp4,  800  feet  of  limestone,  overiain  by  1000  feet  of  sandsto 
lave  been  referred  to  the  epoch.     Though  these  beds  may  be 
time-equivalent  of  the  Onondaga  of  the  interior,  they  do  not  cent 
the  fauna  characteristic  of  the  formations  of  the  interior,  and  tl 
Bxact  correlation  is  open  to  question. 

The  equivalents  of  the  Onondaga  beds,  or  of  other  subdivisi 
of  the  Middle  Devonian  of  the  east,  have  not  been  differentiated 
the  western  part  of  the  United  States,  nor  in  the  great  northwest  t^ 
tory  of  Canada,  though  the  Devonian  system  is  represented  in  b 
these  great  areas. 

The  inaj)  (Fig.  193)  showing  the  outcrops  of  the  Onondaga  se 
repr(\sonts  an  extensive  outcrop  in  the  northwestern  part  of  the  ( 
tin(Mit.  This  representation  expresses  the  belief  that  the  Devoi 
of  this  region  includes  the  equivalent  of  the  Onondagan.  It  proba 
includes  also  the  later  parts  of  the  system.  No  Devonian  formati 
are  known  to  underlie  the  Great  Plains  of  the  United  States. 

The  Hamilton  or  Brian  series. — ^After  a  considerable  period,  dui 
which  there  were  relatively  clear  seas  over  the  northeastern  intei 

'  Tlio  nain(»  Coniifcrous  was  originally  given  to  the  Onondaga  formation 
causo  of  the  local  (New  York)  abundance  of  chert  nodules  which  stand  out  (h 
lik(0  when  the  limestone  is  weathered.  These  nodules  are  sometimes  a 
or  nion^  in  diameter,  and  often  contain  abundant  shells  of  microscopic  pi 
(diatoms,  etc.),  spicules  of  sponges,  and  teeth  of  annelids.  Chert  nodules 
liowevcr,  hardly  more  characteristic  of  this  formation  than  of  many  otl 
and  tlie  name  is  therefore  an  unfortunate  one,  and  is  gradually  being  set  asid 
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cooditions  changed  so  as  to  give  origin  to  deposits  of  mud  where  the 
Onondaga  limestone  had  been  accumulating.  These  mud  beds  and 
their  equivalents,  now  consolidated,  constitute  the  Marcellus  and 
Hamilton  formations  of  New  York  (see  Fig.  195).  West  of  Ohio  and 
east  of  the  Mississippi  the  equivalents  of  the  two  formations  are  com- 
monly grouped  together  under  the  name  Hamilton,  or  given  local 
names  (see  Appendix,  Vol.  III).  Shale  is  the  most  common  rock  at 
the  east,  but  with  it  is  associated  not  a  httle  limestone,  and  in  the 
Riest, limestone  predominated.  Southward,  in  Kentucky  and  Tennessee, 
the  equivalent  formations,  where  present,^  consist  largely  of  black 
shale  and  slate. 

These  changes  in  sedimentation  appear  to  have  been  accompanied 
k  changes  in  geography  (compare  Figs.  195  and  193).  During  the 
larly  part  of  the  Marcellus  epoch,  the  connection  between  the  Atlantic 
ind  the  interior  by  way  of  the  Chesapeake  may  have  been  re-established.^ 
U  about  the  same  time,  too,  considerable  areas  in  the  southern  and 
n  the  northwestern  parts  of  the  Mississippi  basin  appear  to  have  been 
ubmerged.  In  the  Mississippi  basin,  the  Hamilton  formation  prob- 
bly  overlaps  its  predecessor,  resting  on  Silurian  and  perhaps  even 
n  Ordox-ician  beds.  The  same  relations  hold  in  the  southern  Appa- 
ichians,  where  Devonian  beds,  probably  the  equivalents  of  the  Mar- 
rilus  and  Hamilton,  overlie  Silurian  and  Ordovician  unconformablv. 
Tie  submergence  of  the  land  in  the  south  appears  to  have  been  suffi- 
ient  to  cause  the  sea  to  overspread  areas  which  had  been  land  since 
16  close  of  the  Ordo\'ician  (southern  Appalachians  and  areas  farther 
'est)  and  perhaps  to  open  up  a  connection  between  the  interior  sea 
od  the  Gulf  of  Mexico,  allowing  shallow-water  species  of  animals  to 
ligrate  into  the  Mississippi  basin  from  the  south,  perhaps  from  South 
merica  (see  Hamilton  faima,  j).  460).  The  Cincinnati  arch  and  the 
>rresponding  Nashville  dome  may  have  been  land  (islands  or  a  jx^nin- 
ila,  Fig.  195)  throughout  the  Hamilton  epoch,  though  this  cannot 
»  affirmed.  If  the  Hamilton  formation  once  overspread  them,  it 
as  been  removed  by  erosion.  The  map.  Fig.  195,  shows  the  general 
stations  of  the  series,  and  at  the  same  time  suggests  the  geography 
■  the  epoch. 

*  Hayes  and  Ulrich,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv.  This  folio  gives 
late  correlation  table  for  the  Ohio-Kentucky-Tennessee  region. 

'  Ulrich  and  Schuchert,  Bull  52  (Paleontology  6)  New  York  State  Museum,  Report 
the  State  Paleontologist,  1902,  p.  654. 
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The  conditions  for  the  origin  of  the  Hamilton  shales  would  seem 
^o  be  met  if  the  surrounding  lands  (Appalachia  and  lands  north  of  the 
*^terior  sea),  low  and  protected  while  the  Onondaga  limestone  was 
^^laking,  were  more  elevated  or  less  protected  by  vegetation,  or  sub- 
jected   to    more    concentrated    or    spasmodic    precipitation.    Under 
t  le  former  conditions,  the  land  formations  would  have  been  under- 
ling decay,  but  the  products  of  the  decay  might  not  have  been  removed ; 
Xinder  the  latter,  there  would  have  been  opportunity  for  the  trans- 
portation of  the  products  of  decay.    Even  during  the  general  period 
of  shale  formation,  however,  hmestone  (often  shaly)  was  making  in 
xnany  places.    This  was  especially  true  in  the  Mississippi  basin,  so 
that  while  the  term  "Hamilton  shales"  is  in  common  use,  "Hamilton 
shales  and   limestones"   would   describe   more   accurately   the   Erian 
series  of   this  region.     The  Marcellus  shale   is  locally  more   or  less 
bituminous,  indicating  the  presence  of  abimdant  plant  life  in  the  seas 
in  which  it  was  deposited. 

In  the  east,  the  Hamilton  (including  Marcellus)  formation  is  very 
thick,  being  1500  to  5000  feet  thick  in  Pennsylvania,  where  it  is 
mainl}'  of  fragmental  origin.  Its  thickness  over  the  interior,  where  it 
contains  more  limestone,  is  but  a  fraction  of  this  amount. 

Middle  Devonian  in  the  northwest. — A  considerable  area  of  Devo- 
nian which  has  sometimes  been  called  Hamilton  is  found  in  the  basin 
of  the  Mackenzie  river  and  southward  to  Manitoba.^  The  great  arm 
of  the  sea  in  which  the  Devonian  of  this  area  accumulated  appears 
to  liave  extended  as  far  south  as  northern  Missouri  (Fig.  195).  AVhether 
this  arm  of  the  sea  antedated  the  Hamilton  epoch  is  uncertain.  Devo- 
nian beds,  some  of  which  may  be  the  equivalent  of  the  Hamilton, 
also  outcrop  along  the  main  ridge  of  the  Canadian  Rockies. 

The  fossils  of  this  northwestern  Devonian  do  not  correspond  with 
those  of  the  Hamilton  formation  of  the  east  (Illinois  to  New  York), 
and  if  the  Ix^ds  of  the  two  regions  were  contemporaneous,  as  they  may 
have  been,  they  seem  to  have  been  deposited  in  waters  wliich  were 
not  connected.  The  union  was  probably  prevented  by  a  narrow  belt 
of  land  running  south-southwest  from  Wisconsin  to  Missouri,  some- 
what as  shown  in  Fig.  195.  Till  late  in  the  Hamilton,  tliis  land  seems 
to  have  constituted  a  barrier  between  the  eastern  interior  sea,  and  a 

'  For  review  of  the  Devonian  of  Canada,  see  Whiteaves,  Am.  Geol.,  VoL  XXIV, 
ISOO,  pp.  210-40. 
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northwestern  sea  which  stretched  from  Missouri  on  the  sout 
through  the  Mackenzie  basin,  to  the  Arctic  Ocean  on  the  ] 
Toward  the  end  of  the  Hamilton  epoch,  this  barrier  seems  to 
been  removed  sufficiently  to  allow  the  waters  and  the  life  on  op 
sides  to  mingle  freely.  The  removal  may  not  have  affected  the 
of  the  barrier,  but  it  seems  to  have  been  sufficient  to  accomplis 
results  indicated. 

BeUef  in  the  barrier  and  in  its  removal  is  based  primarily  on 
ontological  evidence  to  be  sketched  later,  but  it  may  here  be  \ 
that  up  to  the  end  of  the  Hamilton,  the  fauna  to  the  west  of  th 
posed  barrier  was  unlike  that  to  the  east,  while  during  the 
succeeding  epoch  the  fauna  on  the  northwest  seems  to  have  in: 
the  eastern  interior  sea.^ 

The  northeastern  region. — Rocks  (sandstone)  of  Middle  De^ 
age,  presumably  Hamilton,  are  known  to  occur  in  the  eastern  i 
(Gasp6),  where  some  of  them  appear  to  be  of  fresh-water  origin. 
evidence  of  this  origin  is  foimd  in  the  abundant  land-plant  f 
Some  portions  of  these  beds  are  probably  the  time-equivalents  i 
Hamilton  of  the  interior,  but  their  exact  equivalency  has  not 
established. 

Geographic  changes  during  the  Middle  Devonian. — The  dis 
tion  of  the  Hamilton  beds  indicates  several  changes  in  the  geogi 
of  the  continent,  as  compared  with  that  of  early  Devonian  time.  ' 
were  (1)  a  slight  elevation  (relative)  to  the  east,  interrupting 
time  the  connections  between  the  sea  of  the  Appalacliian  area 
the  Atlantic;  (2)  a  subsidence  to  the  southward  in  the  interior, 
HK^rging  areas  which  had  long  been  land,  and  perhaps  conne 
the  interior  sea  with  more  southerly  waters;  and  toward  the  clc 
the  epoch,  (3)  the  removal  of  the  barrier  which  separated  the  b 
western  interior  sea  from  the  eastern.  This  last  change  may  pei 
be  looked  upon  as  marking  the  closing  stage  of  the  Hamilton  epa 

The  Upper  Devonian. 

The  Upper  Devonian  series  has  a  distribution  (Fig.  196)  sii 
to  that  of  the  Middle  Devonian,  though  it  is  perhaps  less  widesp 

*  The  Hamilton  fish  fauna  of  Wisconsin,  Illinois,  and  Iowa  is  thought  by  Eas 
to  have  been  related  to  the  Onondagan  fish  fauna  of  New  York.  BuU.  Geol 
Am.,  Vol.  XIII,  p.  537. 
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forniatioiiA.  and  the  rplatiiiiis  of  Imul  iiiid  waiiT  iti  luii'  Iti'vunuin  linii-.  Tlw 
ConventJOiuBrethesanicasincarlitTmaitsfsi'ip.  22(11.   iSpciiuIn  iiii'lcr  I'm.  II'.V) 
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to  the  south,  on  the  vhole,  although  in  southwestern  Missouri,  U| 
Devonian  beds  appear  to  be  present  where  the  older  parts  of 
sj'Stem  are  not  known,'  and  the  same  relations  appear  to  hok 
northern  Arkansas.  In  some  parts  of  Iowa,  the  Upper  Devoi 
is  unconformable  on  the  Middle  (Fig.  197),  but  the  separation  of 


Fia,  197. — Hypothetical  section  showing  the  probable  relations  of  the  Upper  ( 
Quarry)  and  Middle  (Cedar  Valley)  Devonian,  Penn  Township,  Johnson  O 
(Calvin,   Ia„  Geol.  Surv.) 

Vpper  Devonian  from  the  Middle  is  generally  based  on  faunal  n 
ihsm  on  stratigraphic  grounds,  the  division  being  made  where 
distinctive  Hamilton  fauna  gives  place  to  another.  The  faunal  cha 
which  the  upper  Devonian  records,  seem  to  have  resulted,  in 
at  least,  from  the  immigration  of  life  from  the  northwestern  st 
the  previous  ciroch  into  the  eastern  interior.  This  immigration 
place  toward  the  close  of  the  Hamilton  epoch,  anti  the  invt 
species  probably  moved  somewhat  -slowly  from  west  to  east,  ap; 
iiig  earlier  in  Wiscoii-«in  than  in  New  York.  A  connection  bet 
thp  Atlantic  and  the  interior  by  the  old  route  during  the  early 
of  the  lafc  Devonian  (Portage,  see  p.  433)  has  been  suggested  toac( 
for  pertain  i)eculiarities  of  the  Devonian  faimas  of  this  stage  ii 
east  .2 

The  Tully,  Genesee,  and  Portage  formations,  or  Senecan  series. 
the  Iwi^p  of  the  Upper  Devonian  in  New  York,  there  is,  locally,  a 
Iwd  of  limestone  (tlic  TiiUy).  At  the  horizon  of  this  limestone, 
where  it  lius  otherwise  run  out,  there  is  a  discontinuous  layer  of 
|>yritcs,  which  extends  o-\-cr  a  considerable  part  of  western  New  "! 
The  waters  of  this  rcpon  were  polluted  by  some  iron  compound  (j 
ably  carbonate).    The  iron  is  believed  to  have  been  precipitate< 

'  Shepard.  Mo.  Oeol.  Pun-.,  Vol.  12,  p.  66. 
'Ulrich  and  Schuchert,  op.  cit.,  p.  656, 
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sulphuretted  hydrogen  or  ammonium  sulphide  derived  from  decajing 
vegetable  or  animal  matter.  This  layer  of  pjTites  is  remarkable  for 
its  fauna  of  dwarfed  species,  45  in  number.  The  average  size  of  the 
species  is  only  about  one  fifteenth  of  the  normal.  Not  only  are  the 
species  dwarfed,  but  they  represent  species  arrested  in  their  develoj>- 
nient,  appearing  like  the  yoimg  of  species  of  earlier  Devonian  types. 
The  succeeding  Genesee  shales  are  black  and  bituminous,  and  range  from 
a  few  feet  (25  on  Lake  Erie)  to  a  few  hundred  feet  (150  in  central  New 
York,  300  in  west  central  Pennsylvania)  in  thickness.  The  Portage 
formation,  composed  of  shales  and  sandstones,  is  much  thicker,  being 
1000  to  1400  feet  in  western  New  York.  To  the  southward,  its  separa- 
tion from  the  Chemung  is  less  distinct  than  in  New  York.  All  these  clas- 
tic beds  bear  e\adence  of  shallow-water  origin.  Their  stratigraphic 
iielations  are  suggested  by  Fig.  186. 

The  Chemung  and  Catskill  formations  (Chautauquan  series). — ^The 
Chemung  formation  of   New  York  is  verj^  like  the  Portage,  though 
more  arenaceous.    It  is  locally  conglomeratic,  and  ever^nvhere  bears 
the  marks  of  a  shallow-water  origin.     Locally  the  conglomerate  has 
been  eroded  into  fantastic  forms,  gi^'ing  rise  to  *'Rock  Cities,"  as  near 
Panama  in  western  New  York.    The  formation  ranges  in  thickness 
from  950  feet  near  Lake  Erie,  to  1500  feet  in  the  vicinity  of  Cayuga 
Lake.     Much  greater  thicknesses,  8000  feet  maximum,  are  attained 
in   Pennsylvania,    but    the   formation    thins   rapidly   westward.      In 
northern  Pennsylvania,  the  Cattaraugus  formation  overlies  the  Che- 
mung, and  a  part  of  the  Oswayo  formation  above  the  Chemung  is 
also  classed  as  Devonian.^ 

West  of  New  York  and  Pennsylvania  the  Upper  Devonian  beds 
have  few  commonly  recognized  subdi\isions,  or  none  at  all,  and  the 
eastern  names  are  not  in  general  use  (see  Appendix,  Vol.  III). 

It  may  be  here  remarked  that  the  Devonian  was  probably  more 
extensively  developed  to  the  southwest  than  was  formerly  supposed. 
Devonian  beds  are  said  to  occur  at  the  summit  of  the  Ozark  uplift 
in  Missouri,^  though  their  present  exposure  in  this  region  seems  to  be 
limited. 

In  the  Catskill  region,  there  is  a  series  of  red  shales  and  sandstones 
which  appear  to  be,  in  a  general  way,  the  time-equivalents  of  the  Che- 

» FuUer,  Gaines  (Pa.)  folio,  U.  S.  Geol.  Surv. 

>  Keyes,  BuU.  Geol.  Soc.  Am.,  Vol.  XIII,  pp.  268-292. 
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ing.  In  some  places  the  Catskill  beds  may  represent  less  than  t 
I  Upper  Devonian,  and  in  others  more.  The  Catskill  formati 
sufficiently  different  from  the  rest  of  the  Upper  Devonian  to  m 
e  that  the  sediments  of  which  it  is  composed  accumulated  unc 
iditions  very  diflferent  from  those  which  obtained  farther  we 
is  formation  is  poor  in  fossils,  and  such  as  occur  are  partly,  if  r 
oily,  of  fresh-  and  brackish-water  forms.  Hence  it  is  inferred  tl 
;  Catskill  region  was  at  least  so  far  shut  off  from  the  ocean  as  r 
afford  the  conditions  necessary  for  marine  life.  The  formation 
table  for  its  redness,  a  feature  which  marks  many  other  formatic 
de  in  inclosed  or  partially  inclosed  seas,  inland  lakes,  or  basins. 
The  Catskill  formation  has  a  thickness  of  3000  feet  in  New  Yc 
1  twice  that  amoimt  farther  southwest  in  Pennsylvania.  Lo 
is  of  sandstone  (the  Oneonta  of  central  New  York),  seemingly  li 
)  Catskill  in  origin,  occur  outside  the  Catskill  region,  suggest! 
it  similar  conditions  now  and  then  existed  farther  west. 
The  thickness  of  the  Upper  Devonian  in  central  and  western  N 
rk  approaches  4000  feet,  and  it  is  still  thicker  in  Pennsylvania  a 
ryland,^  locally  reaching  a  thickness  of  8000  or  9000  feet.  In  0 
)  same  series  (Black  or  Ohio  shale  2)  has  a  maximum  thickness 
K)  feet,  but  thins  notably  to  the  north  and  west,  being  at  most  Oi 
?w  hundred,  and  often  but  a  few  score  feet  thick  in  Indiana,^  Illini 
va,  southern  Michigan,  Kentucky,  and  Tennessee.'*  Various  nar 
applied  to  the  series  and  its  subdi\isions  in  various  localities. 
West  of  the  Great  Plains,  the  equivalents  of  the  Chemung  of 
it  have  not  been  separated  from  other  parts  of  the  Devonian  sysU 
c  Upper  Devonian  seems  also  to  be  represented  in  Maine  and  ? 
"ther  northeast.^ 

The  sections  of  the  Devonian  given  in  the  Appendix,  \"ol.  Ill,  g 
ne  idea  of  the  development  of  the  system  in  various  parts  of 
itinent.^ 

*  Prosser,  Jour,  of  Geo!.,  Vol.  IX,  pp.  415-42.     This  article  is  a  concise  sumrr 
he  Paleozoic  systems  of  Maryland. 

»Geol.  Sun-,  of  Ohio,  1873-93. 

3  Twonty-sccoiid  Ann.  Rcpt.  Dept.  of  Geol.  and  Nat.  Res.  of  Indiana,  p.   i; 

*  Hayes  and  Ulrich,  Columbia  (Tenn.)  and  Campbell,  London  (Ky.)  folios,  U. 
)1.  Surv. 

*  Williams  and  Gregory,  Bull.  165,  U.  S.  Geol.  Surv.,  p.  22. 

*  The  Devonian  of  special  regions  east  of  the  Great  Plains  is  described  in  the  i 
'  sliown  on   the    maps  of   the   following   folios   of   the   U.  S.  Geol.  Surv.:    j 
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Devonian  of  the  West. 

The  Devonian  system,  so  far  as  known,  is  absent  from  the  larger 
part  of  the  Great  Plains  within  the  United  States.  This  great  expanse 
of  territory  was  probably  land  during  the  Devonian  period.  No  Devo- 
nian beds  are  foimd  about  the  older  formations  in  the  Black  Hills  or 
in  the  vicinity  of  Hartville,  Wyo.,  where  the  succession  of  formations 
has  been  studied  in  detail.  The  Helderberg  is  somewhat  developed 
farther  southwest  in  the  Arbuckle  Mountains  of  Indian  Territory  ^  (Wood- 
ford chert,  see  Appendix,  Vol.  HI).  The  presence  of  Devonian  beds 
in  Texas  is  also  imcertain,  though  Helderbergian  beds  at  least  probably 
occur  in  the  southwestern  part  of  that  State.^  The  Devonian  system  lias 
little  development  in  the  Rocky  Mountains,  but  is  somewhat  widespread 
between  the  Rockies  and  the  Sierras.    It  is  represented  in  Arizona  (Fig. 


(\ 


7 


40),^  Colorado,*  Utah,^  Nevada,®  Wyoming  (Fig.  247),  and  Montana, 
and  the  Canadian  Rockies.®  Though  its  outcrops  are  not  extensive, 
its  actual  area  is  obviously  much  greater.  In  some  places,  as  about 
Globe,  Arizona,  the  system  is  much  faulted  and  affected  by  igneous 

hama,  Stevenson,  Gadsden;  Georgia,  Rome,  Ringgold;  Kentucky.  Loudon,  Ricli- 
mond;  KerUucky-Virginia-Tennessee,  Estillville;  Pennsylvania,  Brownsville,  Connells- 
ville,  Elkland-Tioga;  Pennsylvania-New  York,  Gaines;  Tennessee,  Briceville,  Chat- 
tanooga, Cleveland,  Columbia,  Kingston,  Loudon,  Maynardville,  McMinnville,  Morris- 
town,  Sewanee,  and  Standing  Stone;  Tennessee-North  Carolina,  Knoxville;  Virginia- 
Tennessee,  Bristol;  Virginia-West  Virginia,  Monterey,  Pocahontas,  Staimton,  Taze* 
well;    West  Virginia-Virginia,  Franklin,  Piedmont;    West  Virginia,  Buckhannon. 

Details  concerning  the  system  are  also  found  in  the  geological  reports  of  the  several 
States  where  the  s^-stcm  appears  at  the  surface. 

»Taff,  Atoka  (I.  T.)  foUo,  U.  S.  Geol.  Surv. 

'  Hill,  Physical  Geography  of  the  Texas  Region,  folio  3,  topographic  atlas,  I'.  S. 
GeoL  Surv.,  p.  4. 

'Blake,  Jour.  Geol.,  VoL  DC,  1901,  p.  68;  and  Am.  Geol.,  Vol.  XXVII,  1901 
p.  164;    Walcott,  Am.  Jour.  Sci.,  Vol.  XX,  1880,  p.  221;    and  p.  436. 

•Spencer,  Am.  Jour.  Sci.,  Vol.  IX,  1900,  p.  125;  Spurr,  Mono.  XXXI,  U.  S.  GeoL 
Su^\^.  pp.  9-30;   Girty,  Professional  Paper,  No.  16,  U.  S.  Geol.  Surv.,  pp.  156-162. 

»  King,  Geol.  Expl.  of  the  40th  Parallel,  Vol.  I;  sec  also  Weller,  Jour.  Geol.,  Vol.  X, 

pp.  423-32. 

•Knight,  Bull.  45,  Wyo.  Exp.  Station;  Yellowstone  and  Alxsaroka  folios,  V.  S. 
Geol.  Sur>'.;    Spurr,  Bull.  208,  U.  S.  Cieol.  Surv. 

^Little  Belt,  Fort  Benton,  Lix-ingston,  and  Three  Forks,  Mont.,  folios,  V.  S.  Geol. 

Sur\'. 

•Dawson,  Bull.   Ged.  Soc.  Am.,  Vol.   XII,  p.  68,  and  Ann.  Rept.  Geol.  Surv.  of 

Canada,  Vol.  II,  p.  19D. 
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ck;^  in  others  it  is  bounded  by  unconformities,  both  below  anc 
ove,2  while  in  still  others  its  limits  are  not  sharply  defined.  Ii 
is  western  interior  the  system  has  not  been  generally  subdixided 
d  where  subdivisions  have  been  made,  they  have  not  been  cor 
lated  with  those  of  the  east.  In  the  Great  Basin  region,  Onondagai 
Jorniferous)  types  of  fossils,  and  in  overljdng  beds  types  correspond 
g  to  the  Eurasian  (rather  than  to  the  east  American)  faunas  of  th 
►rthwest,  have  been  recognized.  Hamilton  types,  with  great  vei 
;al  range  also  occur.  The  testimony  of  the  fossils  of  the  Basin  regio 
to  the  effect  that  it  was  not  connected  either  with  the  eastern  interic 
a  or  with  South  America  in  such  a  way  as  to  allow  of  the  free  intei 
igration  of  marine  life. 

The  system  is  8000  feet  (6000  feet  of  limestone  and  2000  feet  c 
ale)  thick  in  the  Eureka  district  of  Nevada,^  and  2400  feet  (quartzit 
id  limestone)  in  the  Wasatch  Mountains.  In  some  parts  of  th 
5st,  as  in  the  Yellowstone  Park,  the  system  is  thin  (160  feet  *),  an 
)t  divisible  on  physical  grounds  into  distinct  formations.  In  tl 
Bstern  interior  generally,  limestone  is  the  dominating  foimation. 

Still  farther  west,  on  the  Pacific  side  of  the  Paleozoic  land  are 
evonian  is  known  in  both  northern  ^  and  southern  ^  California,  ar 
a}'  be  represented  in  many  places  where  the  rocks  are  metamo 
losod  past  identification.  In  the  Klamath  mountains,  the  Devonii 
liiefly  Middle)  is  much  disturbed,  and  contains  igneous  rocks  (tui 
id  flows).  The  Devonian  faunas  of  the  coastal  region,  like  tho 
:  the  Great  basin,  are  Eurasian  in  their  affinities. 

The  Devonian  system  is  also  abundantly  represented  hi  wide 
paratcd  parts  of  Alaska.*^ 

^  Hansomc,  Professional  Paper,  No.  12,  and  Bisbee  folio,  U.  S.  Geol.  Surv.,  pp.  39-4 
50  Roiigan,  Am.  Geol,  Vol.  32,  p.  278. 

2  Am.  Jour.  Sci.,  Vol.  XXVI,  pp.  437-438,  1883. 

3  Geol.  Expl.  of  the  40th  Parallel,  Vol.  I;  see  also  Weller,  Jour.  Geol.,  VoL  \ 
).  423-32. 

*  Weed,  Yellowstone  Nat    Park  folio,  U.  S.  Geol.  Surv. 

M)iller,  Am.  Jour.  Sci.,  Vol.  15,  1902,  p.  344. 

«  Spurr,  l^ull.  208,  U.  S.  Geol.  Surv. 

'  lirooks,  Bull.  Geol.  Soc.  Am.,  \o\.  XIII,  pp.  256-61,  and  Professional  Pap< 
0.  1,  U.  S.  Geol.  Surv.,  p.  211;  Schrader,  BuU.  Geol  Soc.  Am.,  Vol  XUI,  p.  24 
id  Professional  Paper,  No.  20,  U.  S.  Geol.  Surv.,  pp.  62-67. 
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GEOLOGY. 

Areas  Where  the  Devonian  Comes  to  the  Surface. 

While  the  Devonian  system  is  widely  distributed  it  does  not  appeal 
the  surface  over  large  areas.  Obviously  in  the  beginning  the 
i^-onian  formations  were  as  wide-spread  as  the  Devonian  seas;  but 
^e  most  of  the  area  of  North  America  covered  bv  the  Devonian 
3  was  also  covered  by  the  seas  of  later  periods,  the  Devonian  s^'stem 
5  mostly  buried.  Subsequent  withdrawals  of  the  sea  and  warpings 
he  surface  have  allowed  the  overlying  formations  to  be  worn  away, 
losing  the  Devonian  at  many  points,  though  in  the  aggregate  the 
as  of  exposed  Devonian  constitute  but  a  small  fraction  of  the  area 
^re  the  system  is  buried.  It  probably  underiies  much  of  the  area 
he  eastern  half  of  the  United  States  where  the  Carboniferous  rocks 
stitute  the  uppermost  formations,  and  considerable  areas  in  the 
it  where  younger  formations  conceal  it.  Strata  of  equivalent  age 
st  underlie  much  of  the  sea. 

The  absence  of  the  Devonian  strata  in  certain  situations  is  hardl\ 
significant  than  their  presence  at  others.    Thus  it  is  to  be  noticec 

that  between  Iowa  and  Indiana 
Devonian  formations  do  not  appeal 
at  the  surface  between  the  Siluriar 
on  the  north  and  the  Carboniferoa* 

201.— Figure  illustrating  the  oc-  on  the  south.    The  absence  of  De 
irronce  of  remnants  of  Devonian  yonian    beds    here    might    indicat< 

aterial  m  fissures  ni  Niagara  lime-  .  i.      i       >^ 

one,  near  Elmhurst  (Cook    Co).,  either  that  the  deposits  of   the  Car 
"""^^  boniferous    period   extended  farthei 

th  than  those  of  the  Devonian,  concealing  the  latter,  or  that  Devo 
II  IkmIs,  once  deposited  north  of  the  present  border  of  the  Carbon 
ous  system,  w(Te  worn  away  before  the  deposition  of  the  latter 
tlK\s(^  alternatives,  the  former  was,  until  recently,  regarded  the 
re  ])r()l)al)le;  but  a  recent  find  near  Chicago  (at  Elmhurst^)  show 
t  the  Devonian  system,  or  some  part  of  it,  once  covered  a  por 
1  of  th(*  area  where  the  Silurian  beds  now  appear  at  the  surface 
idence  of  the  former  ext(Mision  of  a  formation  over  an  area  when 
loes  not  now  oecur  is  usually  found  in  the  form  of  outliers  (see  Fig.  IS- 
1  p.  31)3);  but  in  this  case,  the  Devonian  remnant  does  not  constituU 

^  Weller,  Jour.  Geol.,  Vol.  VII,  pp.  483-«. 
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an  outlier  in  the  usual  sense  of  that  term.  The  remnant,  quanti- 
tatively insignificant,  occurs  in  a  fissure  in  the  Niagara  limestone,  as 
illustrated  by  Fig.  201.  The  limestone  was  apparently  fissured  before 
the  Devonian  above  was  deposited.  Portions  of  the  Devonian  sedi- 
ments fell  into  an  open  fissure,  carrying  with  them  distinctive  fossils 
(fish  teeth).  In  this  protected  position,  the  Devonian  fossils  escaped 
removal. 

About  much  of  the  pre-Devonian  area  of  southern  Missouri,  the 
Carboniferous  and  Silurian  beds  stand  in  the  same  surface  relations 
as  in  northern  Illinois,  though  Devonian  probably  appears  between 
these  systems  in  the  southwestern  part  of  the  State.  It  is  thought  by 
some  that  most  of  the  Ozark  area  was  land  during  the  Devonian  period, 
and  that  the  Carboniferous  sea  lapped  up  on  it  farther  than  the 
Devonian  sea  had  done.  The  alternative  view  has  been  mentioned 
(p.  433).  Similar  relations  are  repeated  in  the  Black  Hills,  in  Texas, 
and  at  other  points  in  the  west,  where  the  Devonian  system  outcrops 
more  rarely  than  any  other  system  of  the  Paleozoic  except  the  Silurian. 

As  in  the  case  of  other  systems,  it  is  to  be  remembered  that  the 
line  on  the  surface  marking  the  junction  of  the  Devonian  with  older 
formations  in  any  particular  region  is  not  the  line  which  marks  the 
limit  of  the  Devonian  sea  in  that  region.  Erosion  has  shifted  the 
outcrop  of  the  system,  and  therefore  the  line  of  its  junction  with  older 
formations.  Erosion,  too,  has  reduced  the  aggregate  area  of  the 
Devonian  as  originally  deposited. 

Igneous  rocks. — The  general  absence  of  igneous  rocks  in  most  parts 
of  the  well-known  Devonian  of  the  continent  is  to  be  noted;  but  in  many 
parts  of  the  west,  and  also  in  central  New  York,^  the  Devonian  strata 
have  been  affected  by  dikes  and  intrusions  of  later  times,  and  in  Nova 
Scotia  and  New  Brunswick  there  are  igneous  rocks  which  appear  to  be 
of  Devonian  age.^ 

Close  of  the  Devonian. 

The  general  period  of  quiet  which  had  prevailed  during  the  Devo- 
nian seems  not  to  have  come  to  an  end  at  its  close.  Only  in  the  eastern 
part  of  the  continent,  in  Maine,  Nova  Scotia,  New  Brunswick,  and 

»  Matson,  Jour,  of  Geol.,  Vol.  XIII.,  p.  264. 
'Williams,  Jour,  of  Geol.,  Vol.  II,  pp.  17-19. 
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B  adjacent  region  to  the  north,  do  the  Devonian  strata  appear  to 
ve  been  notably  disturbed  at  the  close  of  the  period.  Here  the 
jvonian  strata  are  overlain  unconformably  by  the  Carboniferous, 
sewhere  the  formations  of  the  younger  system  rest  on  those  of  the 
ler  without  stratigraphical  break. 

Economic  Products. 

Gas  and  oil. — ^The  Upper  Devonian  is  the  chief  source  of  oil  and 
s  in  western  Pennsylvania^  and  southwestern  New  York,  and  is  one 

the  sources  in  West  Virginia,-  the  oil  being  derived  chiefly  from 
rous  beds.  The  Middle  Devonian  is  the  oil-producing  series  of 
itario   (Enniskillen). 

Within  the  regions  of  their  occurrence,  oil  and  gas  are  more  likelj 
be  found  imder  low  anticlines  than  in  other  positions,  for  the  apparent 
sison  that  these  furnish  an  inverted  basin  capable  of  holding  these 
;ht  substances  against  the  superior  pressure  of  subterranean  waten 
lich  tend  to  force  them  to  the  surface.  In  all  cases  there  must 
•parently  be  an  impervious  bed  or  combination  of  formations  above, 

prevent  the  escape  of  the  oil  and  gas,  and  in  this  there  is  a  certair 
nilarity  to  the  conditions  requisite  /or  artesian  wells,  but  with  the 
[Terence  that  the  artesian  wells  receive  their  supplies  from  above 
id  must  be  closed  below,  while  the  oil  and  gas  wells  receive  theu 
pplies  from  below  and  must  be  closed  above.  Both  require  a  porouf 
(I  as  a  reservoir  which,  in  the  one  case,  ideally — ^but  not  alwayj 
tually — forms  a  basin  concave  above,  in  the  other,  concave  below 
is  the  general  opinion  of  geologists  that  the  oil  and  gas  of  the  Devoniai 
(Is  were  derived  from  organic  matter  entrapped  in  the  strata  below 
ough  distinguished  chemists  suggest  an  inorganic  origin  for  manj 

most  such  products.^ 

The  lower  part  of  the  Chattanooga  shale  of  central  Tennessee  L 
0  horizon  of  black  phosphates,  which  are  of  considerable  impor 
nco  commercially.^ 

^  For  report  on  the  oils  and  gas  of  Pennsylvania,  see  Carll,  Rept.  I,  5  Penn.  Geo) 
irv.,  1890.     For  statistics  on  the  production  of  oil,  gas,  etc.,  see  Mineral  Resource 

the  United  States,  an  annual  publication  of  the  U.  S.  Gieol.  Surv. 

MMiite,  West  Virginia  Geol.  Surv.,  Vol.  I,  Oil  and  Gas,  pp.  208  and  212.  Thi 
•lume  is  an  important  contribution  to  the  literature  of  oil  and  gas. 

3  Orton,  8th  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II,  and  \Vhite,  op.  cit.   p.  180  et  se{ 

*  Hayes  and  Ulrich,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv. 
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The  Foreign  Devonian. 

The  continent  of  Europe. — At  the  close  of  the  Silurian  there  seem 
to  have  been  more  considerable  geographic  changes  in  Europe  than 
in  America,  for  the  Devonian  system  is  there  more  commonly  uncon- 
formable on  its  base.  This  is  especially  true  in  the  northern  part  of 
the  continent.  AVhen  these  geographic  changes  took  place,  a  num- 
ber of  inclosed  or  nearly  inclosed  basins  containing  inland  water- 
bodies  appear  to  have  been  developed  in  northwestern  Europe.  This 
conclusion  is  based  on  the  character  of  the  deposits  made  in  this  part 
of  the  continent,  and  especially  on  the  fossils  which  they  contain. 
It  will  be  seen  that  in  a  general  way  the  phenomena  on  opposite  sides 
of  the  Atlantic  corresponded,  for  considerable  areas  in  America  likewise 
suffered  warping,  and  similar  inland  basins  of  water  or  other  lodgement 
areas  came  into  existence. 

During  the  progress  of  the  Devonian  period,  the  European  conti- 
nent was  progressively  submerged,  as  is  shown  by  the  fact  that  the 
Middle  and  Upper  Devonian  formations  are  more  wide  spread  than  the 
Lower  (Fig.  202).  In  this  respect,  also,  the  phenomena  of  Euroj^e  are 
in  partial  correspondence  with  those  of  America,  though  the  Middle 
and  Upper  Devonian  of  Europe  overlap  the  Low^er,  and  rest  on  older 
formations  more  commonly  than  in  America. 

In  keeping  with  the  geographic  changes  which  the  distribution  of 
the  Devonian  formations  of  Europe  indicates,  the  Lower  Devonian 
strata  of  western  Europe  are  for  the  most  part  such  as  to  imply  a 
progressive  advance  of  the  sea  on  the  land,  but  not  without  oscillations. 
The  greater  abundance  of  Umestone  in  the  Middle  Devonian  shows  that 
the  waters  were  clearer  than  in  the  earher  stage  of  the  period,  while  the 
wider  distribution  of  the  Middle  Devonian,  as  compared  with  the  Lower, 
points  to  less  extensive  areas  of  land  whence  sediments  could  be  derived. 
As  in  America,  the  Upper  Devonian  of  western  Europe  is  more  largely 
of  clastic  material  than  the  Middle,  though  it  also  contains  some  lime- 
stone. 

Though  the  Devonian  formations  are  widely  distributed  on  the 
continent  of  Europe,  they  do  not  appear  at  the  surface  over  any  large 
area,  except  east  of  the  Baltic  in  Russia.  A  lesser  but  still  consider- 
able area  of  Devonian  appears  in  the  basins  of  the  Rhine  and  Moselle 
rivers  in  western  Germany,  and  in  the  adjacent   parts  of  Belgium 
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and  Frsnee.  Asnie  frnm  thfse  lar^r  ueas,  the  DevixuaD  is  k 
in  limited  exposures  at  many  points  in  the  mountains  oS  centra 
wiwtem  Earope,  in  Garnany.  France,  AiBtria.  Hungaiy,  Switae 
Sp^a.  Poetical,  and  Tarkev.     As  a  resist  of  feeding  and  faulting 


Fill.  202. — Sketch  map  ot  Europe  during  the  De\"onian,     The  horizontal  lines 

sent  the  Lower  Devonian;    the  >crlical  Unes  mark  the  additional  areas 
Ihe  Middle  Itevonian  occurs.     (.Uter  de  Lapparent.) 

structure  of  the  sj-stem  is  often  very  complex. 
comiil(^x  structure  are  show-n  in  Figs.  203,  204, 

Th<?  I,(jwrr  Devonian  is  often  conformable  i 
where  thr'  Lower  Devonian  is  absent,  and  the 
latter  rests  unconfonnably  on  the  Silurian,  or  on 
wliich  may  happen  to  siTve  as  its  base.  This  is 
(!!inil)rian  in  Belgium  and  northern  France. 

The  areas  where  the  Devonian  beds  outcrop 
indication  of  their  actual  area,  for  they  are  to  a 
The  Ik-voniim  strata  ex\X)Pod  in  various  parts  of 
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connected  beneath  younger  beds.    The  Devonian  system  is  also  much 
more  widespread  in  western  Europe  than  its  present  outcrops  indi- 


'I^G.  203. — Seclion  of  the  Deionian  ayslem  of  Dinant  and  Namur.  l^Carobnan  and 
Silurian;  2=Lower  Devonian;  3  =  Upper  Devonian;  l^Carboniferoua  limeaton*; 
S-Cool  Measures;   /,  fault.     (Barrois.) 

The  British  Isles. — In  tlie  British  Isles  the  Devonian    formation 
has  two  phases.    The  first  is  found  in  southwestern  England  in  the 


Fit.  204 — Section  through  the  coalfield  of  Charleroi  1  — I^wer  Devonian  2— 
f  pper  Devonian  3  =  Carboniferous  hmeslone  4  =  l>arren  and  5=coal  beanng 
(  ailjoniferous  formations  The  hea\'y  black  lines  indicate  faults  and  overthrusta 
tBnart.) 

area  which  gave  the  formation  its  name  •   (Devonshire).     Here  the 
system  has  a  thickness  of  10,000  or  12,000  feet,  and,  as  shown  by  its 


Fn..  2!i3.— Section  showing  the  coal-bearing  formations.  (C),  beneath  Devonian  (D)  and 
.'iliirian  (5).  M=Irf>wer  Carboniferous;  C^Coal-bearing  formalions.  {Pae- 
clc-Calais,  Barrois.) 

fossils,  is  of  marine  origin.    The  structure  of  the  De\onshire  Dp\-onian 
is  so  compHcated  that  it  is  much  less  well  calculated  to  furnish  a  key 


>  The  name  I 
<k>ol.  Soc.,  2d  s 


n  was  firet  used  by  Sedgwick  and  Murchison  ii 
■oJ.  V,  p.  688. 
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the  history  of  Devonian  deposition  than  the  corresponding  strat 
the  Rhine  basin.  Igneous  rocks  are  often  associated  with  the  sed 
intary  beds,  and  valuable  ore-bearing  veins  sometimes  result,  as  i 
von  and  Cornwall. 

The  second  phase  of  the  Devonian  is  the  Old  Red  sandstone.  Th 
iat  series  overlies  the  Silurian  and  underlies  the  Carboniferou 
stratigraphical  position  is  therefore  clear,  and  it  is  thought  to  repr 
it  the  Devonian.  This  phase  of  the  Devonian  is  widely  distribute 
Wales,  in  west  and  north  Eiigland,  Scotland,  in  the  Orkney  ai 
etland  Islands,  and  in  Ireland.  It  is  possible  that  certain  beds 
>rway,  doubtfully  referred  to  the  Devonian,  are  to  be  correlati 
bh  the  Old  Red  sandstone  phase  of  the  Devonian  in  the  Briti 
es.  The  same  phase  of  the  formation  likewise  re-appears  in  weste 
issia. 

Concerning  the  history  of  the  Old  Red  sandstone  there  has  been  mu 
Terence  of  opinion,  but  it  is  commonly  held  to  have  been  deposited 
series  of  inclosed  or  nearly  inclosed  basins  containing  lakes  or  inla 
IS,  the  waters  of  which  were  fresh  or  brackish.  It  is  further  believ 
at  crustal  warping  gave  the  sea  occasional  access  to  these  basi 
lese  conclusions  are  based  on  the  nature  of  the  formation,  and 
3  testimony  of  its  fossils.  In  general  the  strata  are  poor  in  foss 
d  those  which  are  present  indicate  that  the  waters  in  which  i 
ata  containing  them  were  deposited  were  not  the  waters  of  1 
en  ocean.  Some  of  the  fossils  are  fresh- water  species,  while  oth 
3  land  species.  At  some  horizons,  however,  marine  species  occ 
is  not  improbable  that  some  portions  of  this  singular  series  are 
baerial,  rather  than  subaqueous  origin. 

Against    this    interpretation    several  objections  have  been  urg 

the  first  place,  the  presence  of  occasional  marine  fossils  is  thouj 

some  to  be  against  the  inclosed-basin    hypothesis.^     The  ansi 

this  objection  has   already  been  suggested.    A  second  object 

found  in  the  wide  extent  of  the  formation,  if  it  be  referred  to  a  sin 

dy  of  water.     As  partially  meeting  this  objection,  it  is  said  to 

obable  that  there  was  not  a  single  inclosed  sea  or  lake  in  wh 

?se  beds  were  deposited,  but  rather  many  inclosed  basins,  and  tl 

one  was  necessarily  very  extensive.     Neumayr  ^  also  finds  a  di 

^  Kayser  and  Lake,  Text-book  of  Comparative  Geology. 
*  Neumayr,  Erdegeschichte,  Vol.  II,  1st  ed. 
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culty  in  the  way  of  the  inclosed-basin  hypothesis,  in  the  great  thick- 
ness of  the  Old  Red  sandstone,  though  admitting  that  it  is  no  greater 
than  that  encountered  in  connection  with  other  formations  known 
to  have  been  made  in  inclosed  seas  or  lakes.  The  thickness  of  the  beds 
is  not  very  remarkable  if  they  are  interpretable  as  the  results  of 
inclined  deposition. 

The  Old  Red  Sandstone  formation,  as  its  name  implies,  is  mainly 
Ted  and  largely  of  sandstone.  It,  however,  includes  shales  as  well  as 
sandstone,  and  the  former,  as  well  as  the  latter,  are  sometimes  of  a 
color  other  than  that  indicated  by  the  name. 

The  Old  Red  sandstone  of  the  British  Isles  is  thought  by  Geikie  * 
to  have  been  deposited  in  several  distinct  basins.  One  of  them  extended 
westward  from  Scotland  so  as  to  include  a  part  of  Ireland,  while  another, 
that  which  includes  the  northern  part  of  Scotland,  the  Orkney  and 
Shetland  Islands,  perhaps  extended  eastward  to  southern  Norway 
and  finally  still  farther  east  to  Russia. 

It  is  to  be  noted  that  the  Catskill  formation  of  America  has  some 
features  which  suggest  a  comparison  with  the  Old  Red  sandstone  of 
Britain.  Both  are  predominantly  red,  both  are  poor  in  fossils,  and 
both  seem  to  have  been  deposited  in  inclosed  bodies  of  water.  It  is 
to  be  noted  also  that  the  one  is  in  the  eastern  part  of  America  and 
the  other  in  the  western  part  of  Europe — regions  where  there  are  many 
other  striking  likenesses. 

The  Old  Red  sandstone  formation  of  the  British  Isles  consists  of 
two  great  di\dsions,  the  upper  of  which  in  many  regions  lies  uncon- 
formably  on  the  lower.  In  such  regions  the  lower  division  is  conform- 
able with  the  Silurian  below,  and  the  upper  with  the  Carboniferous 
above.  Since  the  Silurian  below  is  not  known  to  be  the  youngest 
Silurian,  nor  the  Carboniferous  above  the  oldest  Carboniferous,  it  is 
not  certain  that  the  Old  Red  sandstone  is  the  exact  equivalent  of  the 
Devonian  as  elsewhere  developed.  It  may  include  the  upper  part 
of  the  Silurian  at  its  base,  and  the  lower  part  of  the  Carboniferous  at 

its  top. 

The  lower  dix^sion  of  the  Old  Red  sandstone  has  a  maximum  thick- 
ness of  something  like  20,000  feet.  It  contains  a  large  amount 
of  volcanic  rock.    In  this  respect  it  corresponds  with  the  Devonian 

» Trans.  Roy.  Soc.  Edinburgh,  Vol  XXVII,  1879.     Also  Text-book  of  Geolog>'. 
3d  ed. 
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Germany.  The  aggregate  thickness  of  the  igneous  rocks  is,  i 
3otland,  as  much  as  6000  feet,  and  the  rocks  are,  in  places  at  leas 
gularly  interbedded  with  the  sedimentary  series.  The  eruptioi 
lem  to  have  been  in  part  subaqueous,  and  in  some  cases  so  conside 
3le  as  to  build  up  the  sea-  or  lake-bottom  until  it  became  land.  ^. 
le  result  of  the  great  erosion  which  has  since  taken  place,  the  igneoi 
)cks  now  form  considerable  ranges  of  hills  (Pentland,  Ochil,  etc. 
here  are  thousands  of  feet  of  sedimentary  rocks  without  volcan 
eds  associated,  both  above  and  below  the  volcanic  portions. 

The  upper  division  of  the  Old  Red  sandstone  formation  is  not  i 
lick  as  the  lower.  The  unconformity  between  it  and  the  lower  divisic 
a  great  one,  and  shows  that  changes  of  relations  were  taking  pb 
[1  a  considerable  scale.  The  bodies  of  water  appear  to  have  bee 
lifted  somewhat  in  position  from  time  to  time  so  that  the  formatioi 
lade  in  one  place  at  one  time  were  exposed  to  prolonged  erosion  befo 
ley  were  again  submerged  and  buried  by  younger  strata. 

In  the  upper  division  of  the  Old  Red  sandstone  of  Great  Brita 
lere  are  conglomerates  of  such  a  character  as  to  have  raised  a  questic 
jncerning  the  existence  of  glaciers  in  this  region  in  Devonian  tinu 
he  conglomerates  contain  bowlders  of  all  sizes,  up  to  eight  feet 
iameter.    While  the  smaller  stones  are  usually  well  worn,  the  larg 
ries  are  often  distinctly  subangular.     All  sorts  of  durable  rock  a 
^presented.    The  large  bowlders  seem  not  to  have  come  in  from  di 
int  regions,  but  some  of  the  smaller  stones  may  have  come  fro 
roaier  distances,  since  no  local  source  for  them  is  known.     Furthe 
lore,  some  of  the  bowlders  are  said  to  be  striated,  and  it  is  believe 
y  some  geologists  at  least  that  the  striae  are  glacial.    The  matrix 
le  conglomerate  is  in  keeping  with  the  hypothesis  that  .ice  coope 
ted  in  its  making.     It  has  been  suggested  ^  that  the  Highlands 
Gotland  were  then  much  higher  than  now,  that  they  harbored  glaciei 
nd  that  the  bergs  to  which  the  glaciers  gave  origin  made,  or  help< 
)  miikc,  the  conglomerates  here  referred  to.    The  conglomerate 
)  1)0  seen  in  the  Lammermuir  Hills,  and  in  the  Silurian  hills  of  Cui 
erland  and  Westmoreland,  in  northern  England. 

Fossils  of  the  "  Old  Red  "  tyjDC  have  been  found  within  the  Arct 
ircle  on  Bear  Island  (lat.  70°  30'  N.),  between  the  coasts  of  Norws 

*  Neumayr,  Erdegcscliichte,  Vol.  II,  p.  133. 
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and  Spitzbergen,  and  both  divisions  of  the  Old  Red  have  been  recog- 
nized in  Spitzbergen.^ 

West  central  Europe. — ^The  Devonian  of  Germany  is  remarkable 
for  the  proportion  of  igneous  rock  interbedded  with  the  sedimentaries. 
The  igneous  rock  is  principally  diabase  and  diabase  tuff,  but  other 
varieties  are  also  found.  These  rocks  occur  in  many  separate  beds, 
showing  that  there  were  many  periods  of  igneous  activity  separated 
by  intervals  of  quiet.  Igneous  rocks  occur  in  the  Devonian  in  some 
other  parts  of  western  Europe. 

In  much  of  central-western  Europe  the  Devonian  strata  have  been 
metamorphosed^  and  their  structiu^  is  often  complex.  In  not  a  few 
places,  especially  where  the  sedimentary  rocks  have  been  invaded 
by  igneous  rocks,  mineral  veins  have  been  developed  whence  large 
quantities  of  iron,  tin,  copper,  and  other  metals  have  been  obtained.^ 
The  Devonian  of  Germany  also  contains  a  little  coal,  showing  that 
the  conditions  for  its  formation  were  locally  present. 

Russia. — ^The  Devonian  of  Russia  is  made  up  of  beds  of  arenaceous 
and  calcareous  rocks,  the  former  containing  fossils  related  to  those 
of  the  Old  Red  sandstone,  the  latter  containing  fossils  of  a  marine 
fauna.  The  Lower  Devonian  appears  to  be  wanting  in  much  of  Russia, 
and  the  middle  and  upper  parts  of  the  system  are  generally  uncon- 
formable on  subjacent  formations.  Except  in  the  Ural  region,  where 
Lower  Devonian  is  present,  the  Devonian  strata  of  Russia  are  not 
notably  disturbed. 

Comparison  with  America. — On  the  whole,  the  course  of  geological 
history  seems  to  have  been  less  pacific  in  Europe  than  in  America. 
The  great  local  unconformities  wthin  the  Devonian  system  find  no 
parallel,  so  far  as  now  known,  in  America,  and  the  extreme  develop- 
ment of  igneous  rock  in  western  Europe  is  not  duplicated  in  America. 

In  Europe  as  in  America,  there  do  not  seem  to  have  been  notable 
changes  at  the  close  of  the  Devonian.  There  seem  to  have  been  some 
changes  of  level  in  Russia,  Bohemia,  and  Great  Britain,  so  that  succeed- 
ing strata  rest  with  some  measure  of  unconformity  on  the  Devonian; 
but  over  much  of  the  continent  the  Carboniferous  strata  succeed  the 
Devonian  conformably.  In  this  again  the  European  phenomena  cor- 
reRX)nd  with  those  of  America. 

^Geikie,  Text-book  of  Geologj-.  4th  ed.,  Vol.  II.,  pp.  1012  and  1013. 
*  Ibid,  p  995. 
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Jther  cootments. — The  Devonian  system  has  a  wide  distribut 
Siberia  and  China,  where  its  faunal  relations  are  with  north 
ope.  It  is  known  in  Asia  Minor,  Per^,  and  northwestern  In 
nalayas  and  eastern  Tibet).  It  perhaps  has  wide  distribut 
Vorth  Africa  (Atlas  mountains,  Sahara),  in  South  Africa  (O 
my),  and  in  the  Falkland  islands.  Glacial  beds  of  Devonian  j 
e  been  reported  recently  from  South  Africa.*  The  fauna  of  the  Soi 
can  Devonian  has  South  American  affinities.  The  system  has  C( 
rable  development  in  South  America,  and  carries  an  indigene 
la  akin  to  the  Hamilton  fauna  of  North  America.  So  far  as  identif 
bis  continent,  the  Devonian  beds  are  referable  to  the  upper  part 
Lower  Devonian,  and  to  the  lower  part  of  the  Middle.^  The  syst 
ins  a  thickness  of  10,000  feet  in  New  South  Wales,'  Australia,  a 
been  recognized  in  Victoria.  With  the  Middle  Devonian  se 
itary  formations  of  Victoria,  f elsitic  lavas  and  tuffs  are  associat 
onian(?)  rocks  are  the  oldest  known  formations  of  the  North  Islai 
'  Zealand,  and  attain  great  thickness — 7000  to  10,000  feet  3— in  1 
th  Island.  Kayser*  recognizes  two  great  Devonian  provinces,  v 
Eurasian^  including  a  large  part  of  north  and  central  Asia,  and  pr< 
'  extending  to  Manitoba,  and  the  Americariy  including  much  of 
ted  States,  South  America,  and  South  Africa. 

DEVONIAN   LIFE. 

I.  The  Marine  Faunas. 

general  faimal  evolutions.  —  It  may  be  recalled  that  the  ea 
ine  faunas  of  the  Cambrian  period  were  interpreted  as  regio 
)rovincial  in  type,  but  were  found  to  merge  into  a  more  gene 
'  toward  the  close  of  the  period.  The  Ordoxdcian  fauna  was  regarc 
eally  little  more  than  a  continuation  and  expansion  of  the  Ca 
II  fauna  and  as  singularly  general  at  its  climax.  After  a  repr 
[il  interval,  the  Silurian  fauna  seems  to  have  developed  intc 
lar  cosmopolitan  type,  followed  by  a  restrictive  evolution.  It 
to  be  noted  that  the  Devonian  period,  in  America  at  least,  brouj 

jchwarz,  Jour.  Geol,  Vol.  XIV,  p.  6&3, 1906. 

Kayscr,  (icologische  Fonnationskunde.  '  Geikie,  op.  cit.,  p.  999. 

deiii,  Zweite  Auflage,p.  154.      Other  and  minor  faunal  provinces  are  defined 
:iden,  Mem.  du  Comit^  geologica,  XVII,  No.  2,  pp.  i-x,  and  Barrois. 
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again  an  evolution  of  provincial  faunas,  but  on  an  unusually  large  and 
declared  scale,  and  of  an  advancing  phase,  verging  toward  cosmo- 
politanism. 

The  ancestors  of  the  Devonian  faunas  are  foimd  remotely  in  the 
cosmopolitan  fauna  of  the  Silurian  period,  and  more  immediately  in 
the  restrictional  faunas  of  the  closing  Silurian.  The  early  Devonian 
faunas  are  to  be  regarded  as  the  expansional  phases  of  these  restrictional 
faunas.  Fortunately  the  physical  conditions  during  the  Devonian 
evolution  are  better  known  than  those  of  previous  stages  when  pro- 
\incial  faunas  were  undergoing  development,  and  hence  reveal  in  a 
specially  instructive  way  the  conditions  under  which  such  faunas 
develop.  Even  here,  however,  the  data  recorded  are  far  from  com- 
plete, and  only  a  part  of  them  have  been  critically  studied  as  yet,  so 
that  whatever  conclusions  are  now  entertained  must  be  held  subject 
to  correction.  By  way  of  precaution,  it  is  to  be  recalled  that  the 
faunas  here  under  discussion  are  those  of  the  relatively  shallow  water 
that  lav  about  the  continental  border,  or  on  the  bosom  of  the  conti- 
nent  itself,  in  the  form  of  intruding  gulfs  and  interior  seas.  The  land 
life,  to  be  considered  later,  had  its  owti  independent  phases  of  develop- 
ment, while  the  faunas  of  the  abysmal  depths  of  the  ocean  and  of 
the  surface  of  the  mid-ocean  are  almost  wholly  unknown. 

Special  faunas  evolved.  — ^Wlth  the  partial  withdrawal  of  the  sea 
from  the  North  American  continent,  as  sketched  in  the  previous 
chapter,  the  mid-Silurian  faima  underwent  restrictive  evolution  and 
differentiation  in  the  embajTnents  on  the  continental  border.  For 
want  of  free  communication  between  these  embayments,  their  faunas 
developed  distinctive  aspects.  When  the  sea  re-advanced  upon  the 
land  in  the  early  Devonian,  it  was  by  tongues  or  invading  gulfs  from 
different  points  on  the  continental  border,  these  being  in  part  exten- 
sions of  the  border  embajTnents.  Each  of  these  gulfs  seems  to  have 
had  its  own  rather  distinctive  fauna,  inherited  from  the  embayments 
of  the  coast  border. 

Five  such  faimas  seem  to  have  invaded  the  continent  of  North 
America  during  the  Early  and  Middle  Devonian,  partly  in  succession 
and  partly  simultaneously,  viz. :  (1)  the  Helderberg,  (2)  the  Oriskany, 
(3)  the  Onondaga  (Corniferous),  (4)  the  southern  Hamilton,  and 
(5)  the  northwestern  Hamilton.  These  reached  the  interior  in  suc- 
cession in  the  order  named,  and  the  faunas  are  described  mainly  as 
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y  are  found  to  have  been  developed  at  the  stage  when  they  sue 
ded  one  another  in  the  interior,  but  all  must  have  had  earlier  stage 
ing  which  they  were  evolving  and  advancing  upon  the  continer 
tig  their  particular  lines  of  invasion.  As  each  in  succession  cam 
3  contact,  through  the  coalescence  of  the  advancing  gulfs  or  sea^ 
h  the  fauna  that  had  previously  invaded  the  region,  there  was 
imingling  and  conflict  of  the  various  assemblages,  resulting  in  th 
nination  of  some  species  and  the  adjustment  of  others  to  one  anothei 
3  result  was  a  fusion  of  the  forms  sm^ving  from  the  two  faunae 
1  the  development  of  a  new  composite  fauna.  In  this  fusion,  on 
the  other  of  the  faunas  was  usually  dominant  and  gave  the  chie 
tracteristics  to  the  new  fauna. 

The  originating  tracts  of  the  invading  faunas. — The  places  of  origi 
these  faunas  cannot  be  determined  at  present  with  certainty,  bi 
following  are  the  suggestions  of  present  evidence,  and  may  sen 
working  hypotheses  until  fuller  data  shall  establish  permanei 
^rpretations.  Of  the  Helderberg  fauna,  the  more  local  elemen 
»bably  originated  in  the  great  embayment  at  the  mouth  of  the  5 
tvrence  and  on  the  border  of  the  adjacent  continental  shelf.  T 
I  local  element  seems  to  have  been  derived  from  the  coast  bord 
:he  (then)  North  Atlantic,  which  seems  to  have  connected  the  Ame 
L  continent  with  southern  Europe,  but  not  directly  with  northe 
rope.  The  Hercynian  fauna  which  characterizes  this  stage  of  t 
vonian  in  southern  Europe  has  much  in  conmion  with  the  Held 
g  fauna  of  America,  while  both  were  markedly  different  fr< 
;  early  Devonian  fauna  of  northern  Europe  and  northern  Ameri 
liough  a  fauna  of  Helderbergian  aspect  has  been  detected  at  c 
alitv  in  the  far  northern  islands.^ 

Giving  precedence  here  to  the  local  American  phase,  it  is  to 
ed  that  in  the  St.  Lawrence  embayment  the  strata  show  a  gradi 
>sago  from  the  Silurian  fauna  up  into  the  Helderberg  fauna. 
1  be  recalled  that  the  St.  Lawrence  embayment  was  a  harbor 
age  for  the  Ordovician  life  when  it  was  forced  to  retire  and  undei 
nsition  into  the  Silurian  type.  History  seems  to  have  acquii 
'  habit  of  repeating  itself  thus  early.  The  Helderberg  fauna  see 
have  advanced  from  the  coast-border  region  of  the  Middle  Sta 
o  the  Appalachian  valley  trough,  and  to  have  spread  westw 

*  Mtiok,  Am.  Jour.  8ci.,  scr.   2,  Vol.  XL,  p.  31. 
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and  northward  as  far  as  the  advancing  waters  permitted.  If  the 
interior  waters  did  not  extend  southwesterly  to  the  Helderberg  areas 
of  Tennessee,  Illinois,  and  the  Indian  Territory,  the  access  to  these 
regions  was  probably  gained  through  embayments  from  the  more 
southerly  coast.  The  fauna  seems  never  to  have  occupied  the  great 
interior  Mississippian  region  generally. 

The  Oriskany  fauna,  which  followed  the  Helderbergian  in  this 
region,  appears  to  have  entered  the  interior  region  along  the  same 
tracts  as  the  Helderbergian,  but  to  have  spread  farther  westward, 
even  as  far  as  western  Ontario,  while  the  Helderbergian  fauna  only 
reached  central  New  York.  In  its  dominant  phase,  it  was  a  sand- 
loving  fauna  and  crept  along  the  arenaceous  tract  adjoining  the  old 
Appalachian  land  and  the  northern  shore  of  the  interior  sea.  In 
other  areas  where  the  deposit  was  calcareous,  the  fauna  assumed  a 
modified  phase.^  The  general  identity  of  its  lines  of  invasion  with 
those  followed  by  the  Helderbergian  fauna,  and  the  occurrence  of 
species  of  Oriskany  aspect  in  the  St.  Lawrence  embay ment,  offer  some 
suggestion  as  to  its  place  of  origin.  A  very  significant  fact  also 
is  the  occurrence  of  some  very  peculiar  Oriskany-like  species  in 
South  America.  This  hints  at  the  possibility  that  the  fauna  either 
developed  along  the  Atlantic  coast  in  a  horizon  now  entirely  buried, 
and  certain  of  the  species  spread  dowTi  the  coast  and  reached  South 
America,  or  else,  originating  at  the  south,  certain  species  spread  up 
the  coast  imtil  they  found  access  to  the  interior  through  the  inlets 
mentioned.  Some  part  of  the  fauna  perhaps  spread  on  to  Europe 
and  to  Africa,  or  else  was  derived  thence  and  spread  westward,  since 
allied  species  occur  in  those  regions.  It  is  also  quite  possible  that 
some  notable  part  of  the  fauna  developed  in  the  St.  Lawrence  embay- 
ment  at  a  stage  later  than  the  evolution  of  the  Helderborg  fauna, 
when  the  deposits  became  sandy,  as  they  did,  and  that  thence  there 
was  migration  more  or  less  simultaneously  southward  along  the  coast 
to  South  America,  westward  into  the  interior,  and  northward  and 
eastward  to  Europe  and  Africa.  The  mon^  tyi)ieal  sj)ecies  of  th(* 
Oriskanv,  however,  do  not  seem  to  have  Ix^n  dinn'tlv  derived  from 
Helderterg  species,  but  to  have  been  evolved  in  some  distinct  area. 
The  typical  Oriskany  fauna,  on  invading  the  regions  aln^ady  occupied 

» Oarke,  J.  M..  Mom.  X.  Y.  State  Miis.,  Xo.  3,  Vol.  3. 


GEOLOGY. 

the  Helderberg  fauna^  mingled  with  it  and  hence  a  Helderber 
lent  was  present. 

\s  to  the  originating  tract  of  the  Onondaga  fauna,  still  less  is  kno\^n 
in  its  maximum  extension  it  occupied  the  whole  of  the  great  interic 
sissippian  sea,  which  had  not  been  the  case  with  either  of  the  pn 
ng  faunas.  A  very  characteristic  development  of  this  fauna 
id  along  the  north  side  of  the  interior  basin  in  the  vicinity  of  tl 
its  of  Mackinac,  and  the  suggestion  hence  arises  that  the  faun 
ided  the  interior  sea  in  this  region  from  the  north,  along  a  tnw 
Q  which  the  deposits  have  since  been  removed  (see  map.  Fig.  193 
3  than  three  hundred  miles  to  the  north,  in  the  James  Bay  basii 
fauna  has  much  the  same  facies  as  that  nearest  it  on  the  soutl 
ile  there  is  no  positive  evidence  of  a  former  connection  across  tl 
Tvening  tract,  there  seems  to  be  no  inherent  improbability  in  su( 
nection.^  Besides  these  geographic  relations  there  are  gener 
giderations,  as  will  be  seen  later,  for  believing  that  this  faui 
a  northern  oripn,  and  had  communication  with  northe 
ope. 

Almost  the  only  light  on  the  originating  tract  of  the  eastern  Ham 
fauna  is  found  in  the  fact  that  a  very  similar  fauna  lived  in  Sou 
erica  (Bolivia,  Brazil,  and  the  Falkland  Islands)  at  about  t 
le  time,  and  that  some  quite  peculiar  forms  are  common  to  t 
?  A  southern  origin  seems  therefore  the  most  probable,  and  t 
1  reasonable  harmony  wdth  the  distribution  of  the  strata  conta 
it.  It  is  hence  inferred  that  this  faima  entered  from  the  soi 
ig  the  Mississippi  tract,  which  may  not  improbably  have  Ix 
n  at  this  time,  as  there  is  direct  evidence  of  land  subsidence  in  tl 
iction. 

Concerning  the  northwestern  Hamilton  fauna,^  there  is  evidei 
t  it  gradually  crept  down  from  the  north,  probably  along  the  trj 
t  is  now  the  Mackenzie  valley,  and  that  for  a  time  it  was  not 
ununication  with  the  area  occupied  by  the  southern  Hamilt< 
that  at  length  it  passed  over  the  intervening  barrier  that  seems 
0  stretched  from  the  old  lands  of  Wisconsin  to  the  similar  old  lar 
Missouri.     Thence  it  invaded  the  eastern  interior  sea  and  oven 

1  Weller,  Jour,  of  Geol,  Vol.  X,  p.  423. 

2  Williams,  Bull.  U.  S.  Geol.  Surv.,  No.  210,  p.  79. 
'  Williams,  idem. 
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the  territory  already  occupied  by  the  southern  Hamilton  fauna  *  (see 
map,  Fig.  196). 

Bearing  in  mind  that  these  suggestions  relative  to  the  origin  and 
invasion  of  the  America  interior  by  these  great  provincial  faunas  are 
subject  to  correction  by  new  data,  they  may  be  taken  provisionally 
to  represent  the  leading  faunal  movements  of  the  early  and  middle 
Devonian  in  the  interior  and  eastern  portions  of  the  continent.  These 
successive  invasions  may  be  likened  to  the  barbarian  invasions  of 
southern  Europe  in  medieval  times.  As  in  the  latter  case,  the  precise 
origin  of  the  invading  hosts  is  subject  to  doubt  and  can  only  be  approxi- 
mately inferred,  but  the  later  stages  of  the  invasions  and  their  conse- 
quences are  more  or  less  clearly  discernible,  and  constitute  the  most 
declared  features  of  this  romantic  period. 

In  the  Great  Basin  there  seems  to  have  been  a  very  slow  and  con- 
servative evolution  as  though  the  area  was  largely  isolated,  or  at  least 
protected  from  such  faunal  inundations  as  those  that  overwhelmed 
the  eastern  region.  This  region  and  that  of  the  Pacific  coast  will 
be  treated  later. 

The  Helderberg  Fauna. 

Assuming  that  the  Helderbergian  fauna  was  derived  from  the 
Siliuian  fauna,  it  should  have  been  differentiated  from  it  in  a  less 
degree  than  were  the  Oriskany,  Onondaga,  and  Hamilton  faimas  at 
the  time  of  their  respective  invasions,  for  less  time  had  passed  previous 
to  its  appearance  in  the  interior.  This  is  conspicuously  true.  The 
fauna  bears  a  strong  Silurian  facies,  and,  on  account  of  this,  has  often 
Ixien  classed  as  Silurian.  It  had,  however,  undergone  so  much  change 
from  the  parent  fauna  that,  with  but  two  exceptions,  so  far  as  now 
known,  the  species  were  all  new.  These  two  excei)lions  were  the 
cosmopolitan  species  Lepifrnn  rhomboidalis  and  Atrxjpa  reticularis, 
sj)ecies  remarkable  for  their  wide  range  and  long  life.  Considered  as 
species,  they  were  the  MethiLselahs  of  the  Paleozoic  times. 

In  that  portion  of  the  originating  tract  that  lies  in  the  St.  Lawrence 
embayment,  there  are  over  2000  feet  of  shales  and  shaly  limestones, 
forming  a  continuous  series,  in  the  lower  part  of  which  the  fossils  are 
predominantly  Silurian  and  in  the  upper  part  predominantly  Devonian, 
while  in  the  central  thousand  feet  the  two  types  are  conuningled  or 

'  Weller.  Joum.  of  Geol,  Vol.  VI,  p.  306. 
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replaced  by  intermediate  forms.  From  this  intermediate  or  tran 
lal  assemblage  the  Helderberg  fauna  seems  to  have  taken  its  orij 
3art  at  least,  and  to  have  enugrated  westward  as  the  re-advan 
he  sea  permitted. 

The  marked  development  of  the  mollusks. — ^As  the  physical  co 
ons  in  the  originating  tract  gave  a  muddy,  partially  cakareo 
:om,  the  faima  developed  in  lines  suited  to  such  a  habitat  an 
ike  conditions  prevailed  in  the  interior  to  which  it  emigrated, 
ined  its  original  character  as  a  silt-conditioned  fauna.  As  a  co 
lence,  mollusks  and  molluscoids  greatly  preponderated,  and  tril 
s  were  fairly  developed,  while  corals  and  crinoids,  lovers  of  cle 
er,  were  relatively  few  and  imimportant.  The  gastropods  can 
unusual  and  quite  peculiar  prominence.  The  capulids,  a  rath 
rior  or  degenerate  type,  seem  to  have  found  singularly  congeni 
iitions,  for  they  appeared  in  great  variety  of  form.  Two  characte 
:  forms  of  this  group  are  illustrated  in  Fig.  206,  a  and  h,  T 
ip  continued  to  play  an  important  part  in  the  faunas  that  occ 
I  the  interior  in  succession  during  the  following  stages  of  the  Dev 
I  period,  whether  because,  having  come  in  with  the  Helderbc 
ligrants,  they  held  their  own  notwithstanding  the  subseque 
isions  by  other  faunas,  or  because  new  forms  came  in  with  ea 
hese  invading  faunas,  does  not  now  clearly  appear,  though  t 
[i(T  seems  the  more  jjrobable.  Especial  interest  attaches  to  tl 
ip  because  it  constitutes  one  of  the  characteristic  features  of  t 
cynian  fauna  in  Europe,  a  fauna  which  has  been  the  subject 
'h  difference  of  opinion  but  which  is,  with  little  doubt,  the  essent 
ivalent  of  the  American  Helderberg.  A  number  of  gastropc 
T  than  the  capulids  were  present. 

riie  bivalves  also  blossomed  out  notably  in  large-winged  forn 
aviculids  (Fig.  206,  c).  This  was  in  sharp  contrast  to  the  Niaga 
la,  which  showed  but  few  of  these  forms.  Like  the  capulids,  th 
inued  to  be  numerous  through  the  succeeding  Devonian  fauni 
"Juite  in  contrast  with  the  foregoing,  the  cephalopods  had  a  ve 
g(T  (levelopment.  From  being  one  of  the  dominant  types  in  t 
rian,  they  fell  to  an  insignificant  rank.  They  were  to  rise  agai 
ov(T,  in  a  new  form. 

The  superior  numbers  of  the  molluscoids. — ^The  inevitable  braclii 
!i  far  surpassed  all  other  classes  in  numbers.    They  were  even  mo 
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J,  200. — The  Held er berg i an  Fauna.  Gnutropoda:  a,  Plaiweras  nfrirale  Hall; 
I',  Plaiyctras  gibbo»iini  Hall,  two  forms  of  the  capulid  shells  wWh  abound  at  nome 
localities  in  the  Helderbei^an  and  which  have  their  great  dev'elopment  in  the 
Devonian  faunas.  Pfkcijpuda:  c.  ArtinopUria  Ifjirtilfii  (Hall),  one  of  the  winged 
pelecypod  shells  which  have  so  great  an  expansion  in  the  De\'onian  faunas. 
Brachi'ipoda:  d,  Spiri/ir  macropleunis  (Oon.),  a  species  which  is  more  closely- 
related  to  the  Silunan  than  to  the  Devonian  members  of  the  genus;  e,  StropkojuUa 
minchilifera  (Con.).  The  members  of  this  genus  are  more  characteriKticaUy 
Silurian  than  Devonian  although  it  persists  to  the  Middle  Devonian;  /,  Ijepittna 
rhomboidalia  Wilck.,  a  species  which  ranges  from  the  Ordovician  to  the  luissis- 
sipipian  (see  Fig.  163);  g.  Oi/pidula  gakata  (Dal.),  one  of  the  most  eharaeler- 
iatic  species  of  the  Lower  Helderbergian  or  Cocymans  fauna;  h,  Rrnx/iclieria 
rrqiiinuliala  (Con.),  a  representative  of  a  scnus  peculiarly  characteristic  of  the 
Lower  Devonian;  i,  Uncinuhis  iniital'ilis  (Hall),  a  representative  of  a  genus  of 
rb}'ni'honelloid  shells  which  has  its  greatest  development  in  the  llclderliergian 
faunas;  /,  Schiviphoria  muUistriata  (Hall),  and  k,  Rhipuiomella  Mala  (Hall), 
shells  representing  two  types  of  orthids  having  their  greatest  development  in 
the  Devonian  faunas;  /.  Dalmanrlla  sulicariTUiUt  (Hall),  another  orthid  of  a  group 
more  strongly  represented  in  earlier  faunas;  hi,  Eatimia  medialia  (\an.).  a  repre- 
sentative of  a  genus  most  characteristic  of  the  Lower  Devonian  faunas;  n, 
AtT'ifnna  imbruala  (Hall),  a  lingering  Silurian  type;  o,  Biliiliilrs  rnririm  (Con.), 
a  type  of  orthid  characteristic  of  the  Silurian  and  Helderbergiun;  p-g,  Ci/rtina 
dalniani  Hall,  a  member  of  a  genus  feebly  represented  in  the  Silurian  but  which 
ha*  a  gieat  development  in  the  De('Onian  faunas.  Hriimim:  r,  Pnhipam  lilira 
(Hall),  one  of  the  tenestelloid  brj-ozoans.  a  ^oiip  ha\'ing  a  slight  rcnresenta- 
tion  in  earlier  faunas,  but  attaining  great  prominence  later.  Ctrrab:  g,  Alirlielinia 
IfnliruUtrvi  Hall,  tlie  earliest  n)cmher  of  a  genus  of  corals  which  liecomes  abundant 
in  later  I>evonian  faunas,  CifUiiilefi:  I,  I^pocrinilefi  gebhardii  Con.,  one  of  the 
la.-'l  representatives  of  the  cystids.  a  group  of  echinoderms  having  their  greatest 
expansion  in  Ordovician  and  Silurian  times.  Trilnbitu:  v,  Pharops  Ingani  Hall, 
the  genus  Phacops.  though  present  in  the  Silurian,  has  its  great  de^elopmenl  in 
the  Devonian:  ''.  nirranuru.t  hamalns  (Con),  an  acidaspid  whose  closest  relative 
occurs  in  Barrande's  ftage  G,  in  Bohemia.     (Weller.) 
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Qerous  in  genera  and  species  than  in  the  Silurian  period,  but  di 
develop  such  tangible  peculiarities  as  the  gastropods  and  pelec; 
Is.  Illustrations  of  leading  forms  will  be  found  in  Fig.  206,  d  to 
jre  were  many  members  of  the  Orthis  family  (Fig.  206,  /,  fc,  and 
ich  gave  a  somewhat  Silurian  facies  to  the  fauna,  but  a  study  < 
details  of  these  forms  shows  the  initiation  of  the  Devonian  t\^ 
levelopment.  The  members  of  the  Strophomena  family  (Fig.  206,  e, 
e  also  very  abundant  and  much  diversified,  a  foreshadowing 
ir  much  greater  development  in  the  succeeding  Onondaga  ai 
milton  epochs.  The  spirif  ers  (Fig.  206,  d)  had  come  to  be  a  strikii 
bure  of  the  assemblage.  They  had  made  a  very  notable  advan 
)n  their  relative  place  in  the  Silurian  fauna.  Several  of  the  Heldf 
g  spirifers  were  clearly  successors  of  Silurian  species  and  represe 
secutive  evolution,  but  a  larger  number  were  not  so  much  lingeri 
resentatives  of  known  earlier  forms  as  initial  forms  of  new  tyj 
ich  were  to  be  more  fully  developed  in  the  succeeding  Devoni 
nas.  The  loop-bearing  brachiopods  appear  at  this  time  in  t 
us  Rensselooria  (Fig.  206,  h)  which  reached  its  maximimi  devek 
tit  in  the  next  epoch. 

The  bryozoans  were  fairly  developed  and  foreshadowed  comi 
►es,  rather  than  represented  past  types  (Fig.  206,  r). 
The  aberrant  tendency  of  the  trilobites.  —  The  trilobites  c 
^uished  the  epoch  by  their  notable  tendency  to  sport,  a  tender 
ich  reached  its  climax  later.  They  took  on  strange  and  distinct 
ns,  one  of  which  is  illustrated  in  Fig.  206,  v.  The  peculiar  sha] 
the  head  parts  and  their  remarkable  ornamentation  seem  inex] 
>le  unless  they  had  an  esthetic  function,  which  would  presupp' 
ligh  mental  development.  But,  whether  explicable  or  not,  i 
'elopmont  of  the  ornamented  and  erratic  forms  represents  a  sU 
he  evolution  of  the  class  quite  worthy  of  note,  not  only  as  charact 
c  of  the  Devonian  evolution,  but  as  a  precursor  of  the  approach 
appearance  of  the  whole  group.  It  will  be  seen  later  that  as 
obites  neared  the  end  of  their  career  their  forms  became  aberra 
The  scantiness  of  the  crinoids  and  corals. — The  crinoids  had  fal 
m  their  former  high  estate  in  the  Silurian  to  an  insignificant  pla 
,  fatally  and  finally,  but  temporarily,  on  account,  we  may  si 
le,  of  the  rather  turbid  waters  which  the  shales  and  shaly  consti 
s  of  the  Umestones  indicate.     The  cystids  (Fig.  206,  0  suffered  1 
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relatively,  but  they  were  not  abundant.     The    other    echinoderms- 
were  still  less  important. 

The  corals,  doubtless  for  like  reasons,  were  not  generally  abundant,, 
though  Favosites  was  well  represented,  as  were  also  a  few  other  forms. 
The  genus  Michdinia  (Fig.  206,  s),  which  became  abundant  in  the 
Onondaga  and  Bbimilton  epochs,  makes  its  first  appearance  here. 

Minor  forms. — ^There  were  hydrozoans,  among  which  Stramato- 
para  became  so  common  as  to  form,  almost  alone,  beds  three  or  four 
feet  thick;  a  few  graptolites,  which  were  about  to  become  extinct; 
some  sponges,  and  doubtless  not  a  few  other  forms  that  have  escaped 
fossilization. 

The  notable  absence  of  fishes. — It  is  to  be  especially  noted  that  fish 
remains  are  almost  or  quite  absent  from  the  Helderberg  deposits,  although 
they  had  appeared  in  the  epoch  just  preceding  and  reappeared  in  great 
abundance  and  in  remarkable  forms  in  the  Onondagan  epoch  that 
soon  followed.  However  their  absence  is  to  be  explained — and  it 
seems  to  be  nearly  inexplicable — it  serves  to  strengthen  the  belief 
that  the  Onondaga  fauna  originated  in  a  tract  well  isolated  from  the 
originating  tract  of  the  Helderberg  fauna. 

The  Oriskany  Fauna. 

The  key  to  the  interpretation  of  the  typical  Oriskany  fauna  appears 
to  lie  in  the  fact  that  it  was  a  sand-loving  assemblage  of  species  and 
that  its  habitat  was  the  sand-flats  that  skirted  the  ancient  shore  belt. 
There  was  a  minor  phase  of  the  fauna  found  in  calcareous  deposits. 
The  fauna  was  bound  by  many  close  ties  to  the  Helderberg,  especially 
that  phase  of  it  which  is  present  in  the  more  calcareous  beds,  but  it 
contained  also  distinct  features  imphing  in  part  a  separate  origin. 
However  originated,  it  was  so  constituted  as  to  fit  the  conditions  of 
shallow  water  and  sandy  bottoms,  while  the  Helderberg  fauna  was 
adapted  to  calcareous  and  muddy  bottoms,  and  perhaps  to  somewhat 
greater  depths.  The  Oriskany  fauna,  as  we  know  it,  was  also  lat(T 
than  the  Helderberg,  which  means  that  in  so  far  as  it  was  not  derived 
from  the  Helderberg,  it  had  been  developing  longer  since  the  two 
diverged  from  a  common  stock,  and  should  therefore  be  farther  removed 
from  the  common  Silurian  parentage.  WTiatever  the  source  of  the 
Oriskany  fauna,  it  appears  to  have  been  developed  outside  the  interir^ 
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and  to  have  followed  the  Helderberg  fauna  into  the  interior  as 
tinct  invasion. 

reponderance  of  lai^  bracliiopods. — More  than  half  of  all  the  known 
es  of  the  Oriskany  fauna  are  brachiopods.'  Their  most  obvious 
re  was  their  great  size.  The  Peniamerus  oblongus  (Fig.  187,  o) 
e  Silurian  period  and  a  few  other  previous  forms  had  been  large, 
it  no  time  had  there  been  a  fauna  made  up  of  species  from  differ- 
genera  and  even  different  families  which  attained  such  ample 


.'07. — Thk  Oriskamt  Fais^  BTochit-poda  a,  Kensaehrria  ormrlrs  (Eaton); 
prewntotive  of  a  spniis  re=tnc(ed  to  the  Helderiiei^an  and  Oriskanj'  {«*  Fi) 
Ij.  (A);  b.  UippnTiontjx  pn'rimut  \ an  one  of  the  most  characlcristic  tos-sila  < 
p  an?napeotis  ()riskany  Ix^dv  r  Canuirotirrhia  barraruln  (Hall),  one  of  tlip  1*Tfi 
jTn'hoiielloid  sliclla  of  the  On^kany  rf  Spinfer  murchisoni  Castel,  and  c.  Spirifi 
rnosii.t  (Cod.),  two  of  the  mo~t  oliaracten-'tic  Oriskany  species,  the  firat  occunin 
miiKhoiit  the  fauna,  tiic  '•eeond  niaiiiH  in  the  fauna  of  the  arenaceous  beds; 
rnphfixlonla  mngnifita  Hall  ■»  -.pecies  which  sometimes  grew  to  be  four  o 
.lies  across.     The  gen"    '  "      ■  -■  —  '      - 


e  genus  li 


-.  BTeat  BTp  in 


(1  the  I)e\ot 


(tteUer,) 


n-'ions  as  those  of  the  OrirJkany.  Spinfer  arenosus  (Fig.  207,  e^ 
sehrria  oroides  (Fig.  207,  a),  Slropheodonla  magnifica  (Fig.  207,  }\ 
wrionyx  proximus  (Fig.  207,  6),  and  Camarolccchia  barrandi  (Fif 
c),  ail  reaching  lengths  or  breadths  of  two  and  one-half  to  fot 
'F,  made  up  an  aldennanic  group  that  seems  all  the  more  notabi 
t.s  sandy  habitat,  though  .sandiness  at  the  bottom  of  the  sea  dot 
niply  sterility  in  the  same  sense  as  sandiness  on  the  land.  Thei 
small  brachiopods  associated  i\ith  these  giants,  but  they  wei 
'  Schuchert,  Rept.  X.  Y.  State  Geologist  for  18S8,  p.  51. 
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less  impressive  as  a  factor  of  the  fauna.  The  brachiopods  of  the  Oris- 
kany  were  largely  of  the  same  genera  as  those  of  the  Helderberg,  but 
the  sj)ecies  were  new.  Some  of  the  genera,  as  Eatonia  and  Rensselceria, 
were  confined  to  these  two  faunas;  others  had  a  wider  range.  Of  the 
latter,  many  were  represented  later  in  the  Onondaga,  and  some  in  the 
Hamilton  faimas. 

It  is  important  to  note  that  in  South  America  there  were  several 
species  which  bore  a  strong  Oriskany  facies,  and  in  some  cases  there 
was  complete  specific  identity,  as  in  the  notable  form  Anoplotheca 
flabellites. 

Mollusks  abundant  and  large. — While  the  mollusks  were  much 
less  amply  represented  than  the  molluscoids,  they  showed  some  striking 
characters  which  help  to  further  characterize  the  fauna.  The  gas- 
tropods were  the  most  abundant  of  the  mollusks,  and  the  capulids 
were  their  leading  form,  as  in  the  Helderberg  epoch.  Not  less  than 
60%  of  all  the  known  Oriskany  gastropods  were  capulids.  Some  of 
them  were  exceptionally  large  and  plump,  reaching  lengths  of  four 
inches,  and  mouth-expansions  of  two  and  a  half  inches.  The  Helder- 
berg capulids  had  been  without  spines,  but  the  spine-bearing  species 
Platyceras  nodosus  appeared  in  the  Oriskany  fauna,  although  it  became 
more  conspicuous  in  the  later  Onondagan. 

The  pelecypods  were  not  very  abundant,  but,  like  the  brachiopods 
and  gastropods,  they  were  phenomenally  large  and  coarse,  some  of  them 
being  five  inches  across.  These  unusual  sizes,  affecting  three  dis- 
tinct types,  imply  that  the  cause  lay  in  conditions  congenial  to  the 
types  and  not  in  the  types  themselves,  except  as  they  were  well  con- 
stituted to  respond  to  the  conditions.  The  pteropods  were  repre- 
sented by  the  Conularia — and  even  that  was  large — and  by  large  ten- 
taculites;  while  the  former  powerful  cephalopods  were  reduced  to  a 
single  species,  so  far  as  the  known  record  shows. 

Scantiness  of  trilobites,  corals,  crinoidSy  and  fish. — ^The  trilobites 
were  not  abundant  and  were  chiefly  species  that  had  a  larger  develop- 
ment in  the  Onondaga.  They  were  perhaps  even  Onondagan  forms 
that  became  mingled  with  the  late  Oriskany  forms  after  the  two  faunas 
came  in  contact,  as  explained  later.  In  the  calcareous  phase  of  the 
Oriskany,  however,  there  were  several  trilobites  more  or  less  closely 
allied  to  Helderberg  forms.  Corals,  crinoids,  and  cystoids  were  rare, 
as  might  be  expecteil  from  the  nature  of  the  formation;  so  also  were 
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bryozoans  and  most  of  the  minor  types.  Fishes  were  also  wanting, 
ugh  the  reason  is  not  evident.  In  a  word,  the  Oriskany  fauna  waj 
jntially  an  assemblage  of  well-fed  mollusks  and  molluscoids  ^tli 
;ant  sprinkling  of  other  forms. 

There  was  a  faima  in  South  America  that  contained  Oriskany-likc 
ns.  The  Helderberg  type  is  not  known  to  have  preceded  it  there. 
;  wide-ranging  habitat  along  the  coast  of  the  Atlantic,  which  this 
ns  to  imply,  was  probably  the  main  home  of  the  fauna,  and  its 
irsion  into  the  interior  was  probably  but  an  episode  in  its  histor) 
ich  happens  to  have  been  better  recorded  than  the  main  chapter. 

The  Onondaga  Fauna. 

The  presence  of  true  marine  fish. — ^The   Onondaga   fauna  is  most 
kingly  distinguished  from  the  preceding  ones  by  the  appearanci 
i  host  of  fishes  of  highly  developed  and  divergent  types.    There  i 
reasonable  ground  to  doubt  that  these  were  true  marine  fishes 
atever  may  have  been  true  of  the  fishes  of  the  late  Silurian  anc 
the  transition  beds  discussed  in  the  last  chapter,  and  of  the  Ok 
i  Sandstone  fishes  to  be  discussed  later  in  this  chapter  imder  tin 
,d  of  fresh-water  life.    The  Onondaga  fishes  were  intimately  asso 
:ed  with  marine  invertebrates  of  the  most  typical  kind,  and  in  tb 
st  typical  way,  and  there  were  none  of  those  peculiar  association 
h  gigantic  crustaceans,  land  plants,  and  a  strange  pauperitic  grouj 
invertebrates,  which  seemed  to  place  the  previous  fish  faunas  in  \ 
cial  category.     Confirmatory  of  the  true  marine  character  of  thes 
les  is  the  fact  that  they  had  successors  in  the  succeeding  marin' 
)0sits,  and  left  a  consistent  record  from  that  time  to  the  present 
toad  of  occasional  and  sporadic  appearances  in  special  localities 
h  as  characterize  the  record  from  the  Ordovician  period  up  to  thi 
10  (and  which  perhaps  merely  imply  occasional  incursions  or  inwashe 
ni  land-waters),  there  was  now  a  continuous  occupancy  of  the  seas 

from  this  time  on  fishes  ranged  widely  through  the  epicontinenta 
ters  of  America  and  of  Europe,  and  doubtless  of  the  seas  generally 
eir  numbers  in  the  Onondaga  waters  were  very  great,  though  thi 

of  known  genera  and  species  is  small.  A  notable  feature  of  th( 
ord  consists  of  '^  bone  beds,''  thin  layers  made  up  almost  exclu- 
ely  of  the  plates,  teeth,  spines,  and  dermal  ossicles  of  fishes  whos€ 
mbers  must  have  mounted  into  the  millions.  One  of  these  occurs 
ir  Columbus,  Ohio,  and  another  near  North  Vernon,  Indiana.     New- 
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berry  *  describes  the  relics  as  fragmentary  and  worn,  and  suggests 
that  they  may  be  the  undigested  residue  of  innumerable  feasts  of  the 
larger  fishes  upon  their  weaker  kin.  It  is  possible  that  there  were 
restricted  tracts  or  passageways  of  the  shallow  sea  through  which 
the  inferior  fish  habitually  passed  for  reasons  connected  with  the  depths, 
ciurents,  tides,  food-distribution,  or  other  sea  conditions,  and  that  in 
so  doing  they  were  the  victims  of  persistent  attacks  by  their  superiors, 
and  thus  the  bottom  became  strewn  with  the  debris  of  the  slaughter. 
At  the  present  time,  sudden  changes  of  temperature  due  to  the  shift- 
ing of  currents  destroy  great  numbers  of  fish  simultaneously  and  prob- 
ably give  rise  to  great  fish  deposits.  Were  it  not  for  the  fragmentary 
condition  of  the  relics  of  the  ancient  bone  beds  this  would  seem  to 
offer  the  most  plausible  explanation. 

The  fragmentary  nature  of  the  remains  makes  a  satisfactory  iden- 
tification and  classification  difficult  and  not  a  little  revision  of  those 
first  made  has  been  found  necessary;  still  further  changes  will  doubt- 
less yet  be  required.  What  is  said  about  kinds  and  classes  must  there- 
fore be  taken  with  some  reserve.  It  is  clear,  however,  that  an  extinct 
order  of  fishes,  arthrodirans  (joint-necked),  formed  a  signal  feature 
of  the  fauna;  that  sharks  of  several  orders  also  constituted  a  large 
element;  that  certain  of  the  ancient  ganoids  (crossopterygians),  were 
present,  and  doubtless  other  forms.  The  arthrodirans,  whose  necks 
were  so  joined  to  their  bodies  as  to  give  their  heads  vertical  motion, 
a  rare  feature  in  fishes,  were  quite  remarkable  forms,  and  perhaps 
held  the  leading  place.  Among  them  were  the  MacropetalichthySy 
whose  skull  is  illustrated  in  Fig.  208,  a,  and  Dinichthys  (terrible  fish) 
which  rose  to  monster  sizes  a  little  later  (Fig.  209,  p.  463)  and  then 
rapidly  declined.  The  sharks  embraced  not  only  forms  armed  with 
cutting  and  piercing  teeth,  but  also  forms  provided  with  pavement 
teeth  for  crushing  shell-fish.  The  Teleostomi  were  of  the  ancient  type 
(ganoids,  chiefly  crossopterygians)  which  were  usually  characterized 
by  cartilaginous  skeletons  and  bony  scales,  in  contrast  to  modern 
teleosts,  which  are  characterized  by  bony  skeletons  and  membranous 
scales.  In  general  the  fishes  of  the  time  seemed  to  have  been  more 
fully  clothed  with  spines  and  defensive  armor  than  modern  fishes. 
Compared  with  existing  species  they  were  doubtless  heavy  and  clumsy 
in  movement,  and  sluggish  and  brutal  in  habit. 

From  the  degree  of  adaptation  to  sea  conditions  already  attained, 

*  Paleosoic  fishes  of  North  America,  Mono.  XVI,  U.  S.  Geol.  SMrNvA^^.V*^- 


IG.  2<18. — The  Ososdaoan  [Cokniferou^)  Faina.  Vcrl^ratn:  n,  MiicropctnHchtl 
sultimrtii  Newb.  Tlic  fi(wro  reprcspnts  ihe  head  of  one  of  IIip  most  chjiracteri.' 
Onondaga  fishes.  Coral;  b,  Zripkrcnlin  pon<iert)m  Hall.  The  figure  represent; 
meiiiuiu-aizpd,  sunpie,  hom-ooral.  Braehu-poih:  r,  Slropheodonia  coacora  Hall,  a 
natus  (Con.),  two  of  the  most  cliaravteristicOnondaaabrachiopoi 
e,  f.Ci/Tliiia  hantilforKusis  Hall,  two  views  of  ii  >ii.>iics  liaving  a  wide  (jcograp; 
distribution,  and  a  long  geolodc  range  in  tlu!  Mitlillc  and  Up|)er  Devonian  faun. 
3,  Productelia  spinulicosia  HaU,  one  of  Ihe  earliest  representatives  of  a  e^nus  whi 
heeame  wonderfully  abundant  in  the  Upper  Devonian,  and  pave  rL*e  to  the  lypi' 
Prod\icijts  of  the  Klississippian  and  Carboniferous  faunas.    Oaslropoda:  h,  Platyix' 
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it  is  probable  that  they  had  been  living  for  some  time  in  the  sea  in 
the  originating  tract  of  the  Onondaga  fauna  somewhere  in  the  northern 
region.  It  is  not  impossible  that  fish  were  inhabitants  of  the  northern 
seas  from  the  late  Silurian  on,  but  not  of  the  more  southerly  seas  pre- 
vious to  the  time  of  this  invasion,  since  their  relics  are  absent  from 
the  preceding  Helderberg  and  Oriskany  formations.  Several  of  the 
genera  of  the  arthrodirans  and  sharks  have  been  found  in  the  deposits 
of  Germany  {Dinichthys,  Macropetalichthys,  Machcerdcanihus),  implying 
that  they  lived  in  the  interior  sea  of  Europe  as  well  as  that  of  America. 


Fio.  209. — Diagrammatic  front  view  of  the  dentition  of  Dinichthys  herzeri,  Huron 

shales,  Delaware,  O.     (After  Newbeiry.) 

Others  (Acanthaspis  and  Onychodus)  have  been  recognized  in  the 
Lower  Devonian  deposits  of  Spitzbergen,  directly  supporting  the 
suggestion  of  a  northerly  distribution. 

The  profusion  of  corals. — Another  significant  feature  of  the  Onon- 
daga faima  was  the  extreme  abundance  of  corals.  From  the  rapids 
of  the  Ohio  at  Louisville  there  have  been  collected  more  than  two 
hundred  species  deemed  worthy  of  illustration.  Other  localities  add 
greatly  to  the  total  list.  These  embrace  both  the  simple  cup  form 
(Fig.  208,  b)  and  the  compound  type.  Some  of  the  former  reached 
extraordinary  sizes,  as  in  the  case  of  Zaphrentis  giganteay  indiWduals 
of  which  sometimes  attained  a  length  of  eighteen  inches  and  a  diam- 
eter of  three  inches.  The  general  range  in  size  was  ^\ide,  small  and 
large  being  intermingled,  though  the  large  preponderated.     The  salient 

expression  of  the  epoch,  however,  lay  not  so  much  in  the  advance  of 

dumosum  Con.,  a  capulid  shell  with  large,  hollow  spines.  Peleajpoda:  i,  Conocardium 
trigonale  Hall,  a  dorsal  view  of  a  common  Onondaga  pelecypod.  The  genus  occurs 
in  the  Silurian  and  also  in  the  Mississippian.  Echinodermata :  /,  Nucleocrinus 
remeuili  (Troost),  a  blast  old  which  occurs  in  great  numl^ers  in  one  layer  of  the 
Onondaga  limestone  in  the  Ohio  valley.  Trilohitu:  k,  Odontocephalus  (rgeria 
(Hall),  one  of  the  dalmanitos,  showing  the  development  of  ornamentation  on  the 
border  of  the  head  and  tail.  Cephalopoda:  I,  Tornoceras  milhrax  (Hall).  This  is 
the  first  goniatite  to  appear  in  the  faunas  of  America.  The  goniatites  are  dis- 
tinguished from  earlier  representatives  of  the  cephalopods  by  their  lobed  sutures. 
(Weller.) 
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lorals  as  organisms  as  in  their  great  luxuriance  and  relative  prom 
3.  The  reef-building  habit  which  had  appeared  in  the  Niagai 
[i  reached  a  fuller  expression  at  this  time,  the  reef  at  the  rapic 
le  Ohio  being  the  most  famous  example.  This  luxuriance  of  th 
s  implies  clear  seas  abimdantly  enriched  with  floating  organi 
er.  This  seems  in  turn  to  imply  that  the  higher  lands  and  steepe 
5S  which  had  perhaps  given  a  notable  inwash  of  sand  and  silt  dm 
:he  two  previous  epochs  had  given  place  to  lower  land,  doubtles 
ely  clothed  with  vegetation — the  result,  very  likely,  of  an  approac 
ase-leveling. 

'he  unequal  development  of  the  crinoids. — That  the  profusion  ( 
Is,  however,  did  not  find  its  sole  explanation  in  clear  genial  watei 
in  food  may  be  inferred  from  the  relative  poverty  of  the  same  se 
rinoids  which  affect  like  conditions.  In  the  Niagara  epoch  tl 
)ids  and  the  corals  flourished  together  in  luxuriance.  In  tl 
ndaga,  the  corals  were  phenomenally  prolific,  while  the  crinoic 
!,  with  local  exceptions,  rather  scant.  This  is  the  more  remarl 
in  view  of  the  subsequent,  as  well  as  previous,  abundance  of  tl 
3ids.  That  the  physical  conditions  were  not  imcongenial  seen 
B  shown  by  the  fact  that  the  individuals  present  were  usually  lar] 
boi-e  no  signs  of  repressive  environment,  but  rather  the  opposit 
repressive  conditions  are  possibly  to  be  found  in  some  imtowai 
are  of  the  transition  from  the  Niagara  epoch,  which  gave  prec 
!e  to  their  competitors,  the  corals,  an  advantage  which  they  he 
ughout  the  epoch  to  the  measurable  exclusion  of  the  crinoic 
Ise  in  some  undeterminable  organic  agency. 
'ystoids  have  not  been  found.  They  were  far  down  their  declini 
e  to  be  sure,  but  were  not  yet  extinct,  for  they  appear  in  the  f( 
ng  period.  The  blastoids  were  represented  (Fig.  208,  7),  but  t 
r  echinoderms,  like  the  cystoids,  have  not  been  found,  and  the 
r  branches  were  yet  in  their  ascending  stages.  There  was  doul 
something  in  the  conditions  originating  the  Onondaga  fauna  th 
adverse  to  the  whole  order,  while  favorable  to  the  corals. 
The  changes  in  the  brachiopods. — The  ubiquitous  brachiopods, 
tl,  formed  a  large  constituent  of  the  fauna,  both  indi\'idual  a 
ific.  Many  were  large  and  gave  evidence  of  congenial  conditioi 
spirifers  (Fig.  208,  d)  and  the  stropheodonts  (Fig.  208,  c)  were  t 
t  characteristic  types.  The  majority  of  the  spirifers,  howev 
a  retrogressive  look,  in  that  the  fold  and  sinus  were  genera 
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free  from  plications,  as  in  the  earlier  types.  Some,  however,  were  pli- 
cated on  the  fo!d  and  sinus,  as  were  many  of  the  later  spirifers  and  S, 
arenosus  (Fig.  207,  e)  of  the  Oriskany  period  before.  The  plications  on 
the  sides  of  the  shell  of  one  of  the  Onondaga  spirifers  (S.  acuminatus, 
Fig.  208,  d)  were  sometimes  bifm'cated,  a  character  that  was  rare 
among  Devonian  brachiopods,  but  which  became  conmion  in  the 
Carboniferous  period.  The  loop-bearing  shells,  which  first  appeared 
in  the  Helderberg,  attained  an  increased  importance.  The  produc- 
tids,  which  had  been  represented  in  the  Niagara  epoch  by  Choneies, 
were  now  represented  in  addition  by  Productella  (Fig.  208,  g),  a  deep 
concavo-convex  shell  with  spines  scattered  over  the  surface,  fore- 
shadowing more  definitely  than  the  Chonetes  the  great  development 
of  the  Productus  family  in  the  Carboniferous  period.  The  pimctate 
shell,  which  became  an  important  characteristic  in  the  later  Paleozoic 
faunas,  had  its  first  notable  development  in  the  Onondaga,  where  it 
appears  in  both  the  spire-bearing  shell,  Cyrtina  (Fig.  208,  e  and  /), 
and  in  the  loop-bearing  shell,  Cryptonella,  Meristoid  shells,  which 
were  particularly  abimdant  in  the  Helderberg  fauna,  were  few  in  the 
Onondaga,  as  were  also  the  orthids,  while  the  pentamerids  had  dwindled 
to  minor  importance. 

The  notable  development  of  the  cephalopods.  — ^The  mollusks  con- 
tributed several  very  notable  features  to  the  fauna.  The  cephalo- 
pods in  particular  presented  characters  in  striking  contrast  to  those 
they  bore  in  the  Helderberg  and  Oriskany  faimas.  It  will  be  recalled 
that  the  cephalopods  were  very  meagerly  represented  in  those  faunas. 
In  the  Onondaga,  however,  they  were  present  in  great  abundance  in 
the  old  types,  and  in  addition,  they  presented  an  important  new  one, 
the  lobate-sutured  goniatites  (Fig.  208,  0-  It  will  be  remembered  that 
in  the  primitive  types  of  the  cephalopods  the  septa  of  the  shells  were 
plain,  or  synmietrically  curved,  and  that  the  line  of  juncture  with 
the  outer  shell  was  a  simple  curve.  In  the  goniatites,  the  septa  were 
abruptly  bent  and  the  suture-line  lobed,  as  illustrated  in  Fig.  208,  /. 
This  was  the  first  notable  step  in  the  flexation  of  the  septa  and  of 
their  sutures,  a  character  which  was  to  attain  remarkable  compli- 
cation in  the  Mesozoic  era.  Had  this  new  and  divergent  type  appeared 
alone  after  the  dearth  of  cephalopods  in  the  Helderberg  and  Oriskany 
faunas,  it  might  have  been  attributed  to  the  repressive  conditions 
which  that  dearth  seems  to  imply,  but  the  old  forms  accompanied 
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[1  notable  abundance,  as  already  remarked.  Seventy  species  oi 
lalopods  are  described  from  this  fauna  in  New  York  alone.  Thej 
3  particularly  abundant  in  the  Schoharie  grit  (p.  422),  which  oecu 
[  the  same  district  and  had  the  same  essential  characters  as  th( 
ikany  sandstone,  which  had  been  so  barren  of  cephalopcds.    The} 

2  also  abundant  in  the  calcareous  tracts  farther  west,  thus  exhibit 
their  relative  independence  of  bottom  conditions,  as  might  Ix 

ected  of  free-moving,  predaceous  animals.    While  the  orthocera 

3  did  not  reach  the  gigantic  dimensions  of  their  Ordovician  prede 
ors,  individually  they  attained  fair  sizes,  three  inches  in  diam- 

being  not  imconunon.  The  club-shaped  Gomphoceras  appeared 
nany  large  species,  and  the  curved  Cyrtoceras  and  Gyroceras  were 
ndant,  while  the  closely  coiled  Nautilus  was  present  but  not  abun- 
t.  The  ornamentation  of  the  exterior  was  a  notable  feature,  but 
:e  inferior  to  the  elaborate  ornamentation  which  it  foreshadowed 
3  prolific  retention  of  old  forms,  combined  with  the  introduction 
L  new  type,  points  apparently  to  some  distinctive  set  of  conditions 
ch  distinguished  the  history  of  the  Onondaga  faima,  either  in  itJ 
;inating  tract,  or  in  its  expansional  stage,  or  in  both. 
The  persistence  of  the  previous  types  of  the  gastropods  and  pelecy 
s. — On  the  other  hand,  it  is  to  be  noted  that  the  gastropods  weri 
>cnt  in  abundance  and  largely  in  the  same  peculiar  facies  that  the; 

assumed  in  the  Helderberg  and  Oriskany  faunas.  As  there,  th 
ulids  were  numerous,  though  perhaps  less  abundant.    Tlie  acquisi 

I  of  spines,  which  was  initiated  in  the  Oriskany  fauna,  became 
iiounced  feature  in  this  (Fig.  208,  h),  and  perhaps  signified  tha 
'0  was  occasion  for  defen.^e,  an  occasion  which  either  the  fisbe 
ho  cephalopods  could  doubtless  have  supplied.    There  were  man 
:^r  forms  of  gastropods,  including  Euorri'phalu.'i,  coiled  in  a  plan< 

Murchisoma,  coiled  in  a  very  high  spire.  These,  with  the  caj 
|)(hI  capulids,  filled  out  a  full  complement  of  gastropod  type 
rc^  was  a  notable  similarity  of  the  gastropods  to  those  of  i\ 
(lorlxTg   and   Oriskany  faunas,  which  seems   to   imply  derivatio 

II  thoni,  in  contrast  with  the  peculiarities  of  the  cephalopods  whic 
u  to  imply  an  origin  from  some  other  fauna. 

Thi^  pok^cypods  were  also  abundant  and  often  resembled  thoj 
lh(»  lIi»Klorberg  and  Oriskany  from  which  many  of  them  wei 
'ondod.    The  large  oblique-winged  aviculids  were  again  conspici 
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US,  and  Conocardium  (Fig.  208,  i),  distinguished  by  the  flattening 
if  one  end  and  the  protrusion  of  the  other,  reappeared,  having  been 
.bsent  from  the  Helderberg  and  Oriskany,  after  being  represented 
►y  several  species  in  the  Silurian. 

The  revival  of  the  trilobites. — Trilobites  were  present  in  more 
han  half  a  himdred  species,  a  notable  increase  over  the  known  species 
>f  the  same  region  in  the  preceding  epoch.  The  presence  of  a  remark- 
ible  number  of  highly  ornamented  species  was  a  conspicuous  feature. 
Jpines,  nodes,  and  granulations  freely  diversified  their  somewhat 
trratic  forms.  The  dalmanites  led  in  this  decorative  movement, 
hough  the  species  here  represented  (Fig.  208,  k)  is  a  modest  form. 
\s  far  back  as  the  Niagara,  this  genus  had  shown  its  ornamental  ten- 
lencies,  but  it  only  reached  its  maximum  display  in  the  Onondaga 
jpoch.  Its  chief  rivals  in  these  lines  were  the  acidaspids  and  lichads. 
)ther  crustaceans  were  but  sparingly  represented,  the  barnacles  alone 
laving  been  foimd  thus  far. 

Other  forms. — Of  other  types,  there  were  annelids,  sponges,  hydro- 
soans,  bryozoans,  and  probably  protozoans,  all  of  which  played  incon- 
picuous  though,  in  the  economy  of  the  whole,  doubtless  not  unim- 
x)rtant  parts. 

The  foregoing  sketch  has  been  based  essentially  upon  the  aspects 
presented  by  the  Onondaga  fauna  as  found  in  the  eastern  interior  basin. 
[n  the  James  Bay  region  its  facies  is  not  well  known.  Corals  were  a 
»nspicuous  element  and  the  identification  of  the  fauna  has  been  based 
jhiefly  on  them.  Fishes  were  also  present  there,  a  fact  to  be  noted 
n  view  of  the  question  of  their  previous  home.  No  capulids,  or  gas- 
Topods  of  any  kind,  have  been  reported.  Their  absence  may  be 
ittributed  in  part  to  the  smallness  of  the  collections — for  the  entire 
ibeence  of  gastropods  is  highly  improbable — but  their  presence  in 
jreat  abundance,  as  in  the  Helderberg  and  Oriskany  faunas,  is  equally 
mprobable,  and  the  most  reasonable  conclusion  is  that  the  gastro- 
xxls  were  but  an  inferior  element  in  the  James  Bay  fauna,  and  that 
the  large  gastropodous  factor  of  the  Onondaga  of  the  interior  sea  was 
ierived  from  the  Oriskany  fauna  already  in  possession  of  the  ground 
when  the  succeeding  invasion  took  place.  This  is  supported  by  the 
resemblances  already  noted. 

We  have  no  evidence  that  any  of  the  distinctive  species  of  the 
Onondaga  fauna  lived  in  the  South  American  region,  where  certain  of 
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Oriskany  species  lived  before  and  where  certain  of  the  Hamill 
cies  lived  afterwards.    This  implies  that  the  Onondaga  fauna  \ 

distributed  in  that  direction.  In  the  St.  Lawrence  emba)Tne 
ich  had  played  so  critical  a  part  in  the  evolution  of  the  Ameri( 
eozoic  life,  the  Onondaga  fauna  appears  to  have  no  distinct  rep 
tation.  Such  traces  as  are  present  appear  to  be  only  those  wh 
;ht  arise  from  the  counter-migration  of  Onondaga  tribes  into  t 
eding-ground  of  migrations.  There  was  quite  certainly  conn< 
1  with  northern  Europe,  because  a  notable  number  of  pecul 
les  are  common  to  the  two  regions. 

The  whole  assemblage  of  life  displayed  in  this  remarkable  fau 
ms  to  be  explicable  by  postulating  a  generating  tract  in  the  Huds 
v'  emba}Tnent,  or  in  some  more  northerly  or  northeasterly  regi( 
isibly  on  the  Eurasian  continent.  Into  this  it  may  be  assum 
t  a  portion  of  the  Silurian  fauna  retired,  and  underwent  devek 
nt  by  itself.  This  fauna,  after  a  prolonged  evolution  in  the  northe 
ion,  during  which  the  Helderberg  and  Oriskany  faunas  were  si 
sively  occupying  the  interior,  invaded  the  eastern  interior  s 
on  entrance,  this  fauna  in  part  displaced  and  in  part  conmiing 
h  the  Oriskany  fauna  which  then  occupied  the  ground.  So 
goring  representatives  of  the  Helderberg  fauna  were  probably  a 
sent.  This  admixture  of  exotic  and  indigenous  forms,  evolv 
:other  under  the  congenial  conditions  of  the  interior  sea,  develo] 
'  later  phases  of  the  Onondaga  fauna. 

The  Southern  Hamilton  Fauna. 

The  life  which  occupied  the  eastern  portion  of  the  interior 
i-ing  the  earlier  part  of  the  Hamilton  epoch  will  be  best  underst' 
calling  again  to  mind  the  geographic  changes  which  permitted 
ranco  of  a  new  factor  from  the  south  and  controlled  the  devel 
nt  of  the  whole.  There  appears  to  have  been  a  warping  of  the  { 
0  by  which  the  land  at  the  northeast  was  gently  lifted  and  its  ri^ 
uvenated,  so  that  they  bore  much  more  silt  into  the  basin  t 
ore,  and  this,  spreading  widely  over  the  bottom,  changed  the  dep 
ni  limestone  to  shale  in  that  part  of  the  basin,  while  the  formal 
limestone  continued  as  before  in  the  western  portion.  This  wj 
;  movement  may  have  been  accompanied  and  abetted  by  cUm 
J  vegetal  conditions  favorable  to  silt  wash.    The  warping  app 
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to  have  gone  so  far  at  length  as  to  close  the  eastern  straits  through 
which  the  Helderberg  and  Oriskany  faunas  had  entered.  In  the 
southwestern  region  the  warping  was  downward  and  permitted  the 
sea  to  creep  out  upon  the  previous  land,  as  shown  by  the  overlap  of 
the  Hamilton  formation.  There  is  no  positive  stratigraphic  proof 
that  this  went  so  far  as  to  make  a  connection  with  the  ocean  in  that 
direction,  but  this  seems  highly  probable.  It  is  quite  obvious  from 
the  nature  of  the  life  that  an  oceanic  connection  was  maintained  some- 
where,  and  there  is  an  absence  of  evidence  that  it  was  maintained 
either  to  the  northeast  or  to  the  north,  for  no  Hamilton  beds  are  found 
in  those  directions,  nor  are  there  any  faimal  indications  of  such  a 
connection.  On  the  other  hand,  the  faima  contains  peculiar  forms 
foimd  also  in  South  America,  and  this  fact,  together  with  certain  fea- 
tures of  distribution  within  the  interior,  strengthens  the  presumption 
of  a  connection  lying  somewhere  in  the  lower  Mississippi  tract.  Unfor- 
tunately this  region  is  very  deeply  buried  beneath  younger  deposits, 
and  a  stratigraphic  demonstration  of  the  continuity  of  the  Hamilton 
sediments  through  the  supposed  strait  is  impracticable. 

Assuming  that  these  were  the  physical  conditions  which  led  to 
its  introduction,  the  earlier  Hamilton  faima  may  be  regarded  as  the 
result  of  a  resident  clear-water  faima  contending  with  increasing  tur- 
bidity of  water  on  the  one  hand,  and  with  the  invasion  of  a  southern 
fauna  on  the  other.  It  involved  the  domestic  modification  of  the 
resident  fauna  to  fit  new  conditions,  and  the  absorption  and  accom- 
modation of  foreign  accessions,  for  the  latter  do  not  seem  to  have 
overpowered  the  former.  It  was  not  therefore  so  radical  a  transforma- 
tion as  that  which  attended  the  introduction  of  the  Onondaga  fauna, 
when  the  invaders  were  not  only  the  master  type,  but  were  aided  by  a 
progressive  physical  change  in  their  favor. 

The  progress  of  the  sharks  and  arthrodirans. — The  relics  of  Hamil- 
ton fish  thus  far  recovered  are  less  numerous  than  those  of  the  pre- 
\\o\xs  epoch,  and,  like  them,  are  largely  fragmentary,  but  they  indi- 
cate an  advance  in  structural  development.  The  arthrodirans  reached 
their  climax  in  massiveness  and  distinctive  characters.  The  Dinichthys 
herzeri,  the  leading  type,  was  one  of  the  largest  and  most  formidable 
fish  known,  with  an  estimated  length  of  20  feet,  and  very  massive  pro- 
portionately. It  was  armed  with  formidable  mandibles  two  feet  in 
length,  which,  in  lieu  of  teeth,  were  developed  into  shear-like  and  beaked 
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:ing  edges  that  closed  upon  their  fellows  in  much  the  way  the  man- 
es of  a  turtle  do.    These  are  illustrated  diagrammatically  in  Fig.  209. 
'  forward  portion  of  the  body  was  encased  in  hea\^  armor-plates, 
ng  groat  defensive  as  well  as  offensive  power.     Belated  types  of 
formidable  aspect  are  also  known.    The  sharks  are  most  commonly 
resented  by  their  teeth  and  highly  developed  fin-spines,  some  of 
latter  reaching  a  foot  in  length.    In  both  classes  the  implements 
.varfare  make  up  nearly  the  whole  record,  and  this  doubtless  cor- 
ly  implies  the  dominant  state  of  afifairs  in  the  vertebrate  kingdom. 
The  decline  of  the  corals. — The  corals  of  the  Onondaga  fauna  li\'ed 
in  some  notable  measure  and  constituted  an  element  in  the  new 
iia.    They  were  adversely  afifected  by  the  increased  turbidity  of 
waters,  and  retired  largely  to  the  western  part  of  the  basin  and 
lined  greatly  in  importance. 

The  advance  of  the  crinoids. — The  Echinodermata  were  somewhat 
tor  represented,  crinoids,  cystoids,  Mastoids,  and  asteroids  being 
sent,  though  not  generally  prolific.  Locally  the  crinoids  must 
e  been  abundant,  for  certain  limestone  beds  are  largely  composed 
crinoidal  remains.  The  Hamilton  genera  were  usually  the  same 
those  of  the  preceding  Onondaga  epoch,  but  not  a  few  additional 
s  ai)poarod,  a  foreshadowing  of  the  remarkable  crinoidean  develop- 
it  of  th(^  early  Carboniferous  period.  A  very  peculiar  form  \N'as 
Arthrnacaiitha  (F\g.2i(), q) y  which  was  furnished  with  movable  spines 
•od  miscellaneously  over  all  the  plates  of  the  dorsal  cup,  and  attached 
ho  calyx  by  moans  of  a  ball-and-socket  joint  like  the  spines  of  the 
-urchins,  an  obvious  case  of  parallel  evolution.  The  cystoids  reappear 
ooblonoss  in  the  single  gonus  Agelacrinus,  The  Mastoids  increased 
ir  roprosontativos  notably,  some  species  being  similar  to  those  ol 
Onondaga,  while  others,  as  the  Pentrernitidea,  approached  the  tjTie 
[he  Carboniferous  pontroniitos.  One  of  the  most  peculiar  of  the 
Uoids  was  the  irregular  Eleutherocrinus  (Fig.  210,  o  and  p),  which 
unlike  any  earlier  monil)or  of  the  group.  Some  finely  preserved 
•fishes  havc^  boon  found,  but  they  were  not  abundant.  They  fol- 
0(1  the  Paleozoic  typo  in  those  features  in  which  the  later  forms 
[*r  from  the  earlier. 

The  climacteric  deployment  of  the  brachiopods. — ^The  bracliiopods, 
?  to  their  persistent  nature,  hold  an  important  place  in  this  fauna 
before.    They  wore  no  less  nmnorous  individually  or  specifically; 
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Fre.  210. — The  Hamilton-  Fauna.  Crustacea:  a,  Eckiiwcaris  punclatn  (Hall),  one 
of  the  phirllocarid  cmstaceana,  a  group  more  highly  organized  than  the  triloliitcs; 
b,  ProMnlanuti  hamittonerunii  Whitf.,  a  sessile  cirriped;  one  of  the  earliest  repre* 
eentatives  of  these  degenerate  eruataceana.  Cephalopoda:  e,  Goniatilea  vanuxemi 
(Hall),  one  of  the  goniatitee  which  become  more  numeroiiB  in  this  fauna.  Bryozoa: 
d,  Feneatetla  emaciala  Hall,  one  of  the  fenestelloid  forma  which  l^ecame  very 
abundant  in  the  Middle  Devonian  faunas.  Pelecypoda:  e.  Pterinea  fiabella  (Con.); 
/,  Pahf.neili  comlrictn  (Con.),  and  g,  Ci/pricardelia  beilittriatua  (Con.);  throe  of 
t\K  common  forma  of  peleeypods  in  the  Hamilton  fauna.  Gaslropala:  k,  Loionema 
hamiUonia  Hall,  a  high  spiral  shell  of  a  fomi  not  uneonunon  in  tnis  fauna.  Brarh- 
iopiKia:  i,  SpiriItT  pennalus  (.-Vtw.),  one  of  tlic  long-hinfre-lined  spirifers  more 
conspicuous  m  the  SliddJe  and  I'pper  Devonian  than  elsewhere;  t,  RhipidomeUa 
rartuifnii  Hall,  one  of  the  orthid  genera  ivhieh  has  ita  great  development  in  the 
De\onian;  k,  Tropidoieptus  farinatiis  (Con.);  /,  ViluUna  piislulosa  HiJI,  and  m 
and  n.  Choneles  coronatu»  (Con.),  three  peculiar  species  of  brachiopoda  in  the  Hamil- 
ton fauna.  They  ha\e  their  closest  relationships  with  South  American,  Middle 
Devonian  species.  Bchinodermala:  o-p.  EUiiUuroerinus  coxsedayi  S.  and  Y.,  a 
peculiar.  irr^;ular  blastoid  whose  fonn  haa  lieen  modified  by  the  loss  of  its  rolunm 
and  its  pentamerous  symmetry.  During  life  it  probably  rested  upon  one  side 
on  the  sea-bottom;  q,  Arthr  acanlha  piincl-irrnrkiata  Williams,  a  peculiar  genus  of 
crinoids  restricted  to  tlie  .Middle  and  I'pper  Devonian  faunas.  It  is  cliaraclcri/ed 
by  the  presence,  on  the  plates  of  the  calyx,  of  mo^'able  spine.i  similar  to  those  on 
tfie  sea-urchins.  Trilobiia:  r,  Pharofti'  ronu  (Greene),  the  most  common  I ril obit e 
of  the  Hamilton  fauna.  The  genus,  although  present  in  the  Silurian,  lias  its  great 
expansion  in  the  De^■onian;  s.  Crifphirus  bnothi  Greene.  This  is  one  of  the  last 
of  the  dalmanites.  Note  the  serrated  margin  of  the  tail,  aitd  compare  with  Fias. 
208,  t.  and  203,  ti.  * 
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d  their  climax  of  deployment  lies  somewhere  here.  Their  cuhm 
50  broad  that  its  highest  point  is  not  easily  fixed  with  exactness 
1  many  respects  the  brachiopods  of  this  fauna  were  closely  alliec 
lose  of  the  Onondaga  and  many  species  passed  imchanged  fron 
earlier  into  the  later  fauna.  In  most  cases  the  changes  in  th( 
onment  were  paralleled  by  changes  in  form  that  rose  to  specifii 
J.  The  lowly  inarticulate  brachiopods  still  persisted  as  a  mino 
r,  while  the  more  highly  differentiated  forms  attained  wide  diver 
and  high  rank.  The  stropheodontas  retained  about  the  sam 
ive  place,  waning  somewhat  perhaps  in  size,  though  still  oftei 
.  The  spirifers  reached  a  climax  in  the  extension  of  their  hinge 
(Fig.  210,  i).  This  extension  is  particularly  characteristic  c 
Hamilton  epoch,  though  a  feature  of  the  Devonian  generallj 
geological  series  perhaps  presents  no  simpler  or  more  obtrusiv 
stcter  by  which  a  formation  may  be  identified  than  these  excessivel 
d-winged  spirifers.  Some  specimens  had  a  breadth  along  the  hingi 
four  or  five  times  as  great  as  the  length  of  their  shells,  if  breadt 
be  said  to  be  greater  than  length  in  any  case.  The  Orthis  famil 
so  prominent,  had  fallen  to  a  very  subordinate  place.  The  pr 
ids  increased  notably,  and  were  obviously  advancing  towai 
•  great  expansion  in  the  Carboniferous  period.  The  meristoii 
iway  and  were  nearing  the  close  of  their  career.  The  loop-beare 
he  Terebratula  and  Cryptonella  types  increased.  The  persiste 
ichonella  family  was  represented  by  species  wonderfully  proli: 
idividuals.  The  pentamerids  made  but  a  feeble  showing.  Sevei 
ies  of  extreme  interest  and  significance  invite  special  notice,  arao: 
;h  are  Tropidoleptm  carinatus  (Fig.  210,  ^),  Vitulina  pustule 
.  210,  l)j  and  Chonetes  coronatus  (Fig.  210,  m  and  n).  The  fii 
belong  to  peculiar  genera  not  previously  found  in  the  interi 
ti.  Apparently  they  could  not  have  been  derived  from  any 
pn^ceding  inhabitants  of  the  region.  The  third  species  belong 
.  genus  represented  by  other  species  that  previously  lived  in  t 
on,  but  this  particular  species  is  peculiar,  and  does  not  give  sig 
riy  near  kinship  to  the  previously  resident  members  of  the  gem 
these  forms  were  locally  abundant  in  the  Hamilton  assemblai 
y  bear  the  marks  of  immigrants,  however,  and  a  search  for  th 
iier  liome  and  relatives  reveals  the  fact  that  in  South  Ameri 
same  species,  or  closely  allied  ones,  lived  in  abundance,  and  th 
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they  are  there  preserved  in  beds  which  overlie  beds  containing  Oriskany 
forms.  This  means  that  they  lived  in  South  America  at  a  time  just 
previous  to  or  nearly  identical  with  their  appearance  in  the  North 
American  fauna.  That  they  were  immigrants  from  the  south  is  the 
almost  necessary  inference. 

The  advance  of  the  cephalopods. — The  moUusks  were  an  interesting 
factor  of  the  Hamilton  fauna.  The  new  lobate-sutured  cephalopods, 
the  goniatites,  which  were  represented  by  a  single  known  species  in 
the  previous  fauna,  now  appeared  in  six  species.  One  of  these,  Gonia- 
tites vanuxemi  (Fig.  210,  c)  reached  the  notable  size  of  a  foot  in  diam- 
eter. The  Nautilus  regained  the  prominence  it  had  lost  since  the 
Niagara  epoch  and  appeared  in  forms  rivaling  the  large  goniatites, 
and  some  of  them  began  to  exhibit  the  node-like  ornamental  expan- 
sions of  the  shell  which  became  so  conspicuous  in  the  later  Carbon- 
iferous faunas.  It  seems  to  have  replaced  the  more  loosely  coiled 
Ctfrtocems  and  Gyroceras  of  the  previous  fauna.  The  straight  forms 
were  present  and  were  closely  allied  to  those  of  the  Onondaga  epoch. 

The  abundance  of  the  pelecypods. — The  silty  bottoms  favored  the 
pelecypods,  and  they  developed  in  great  abundance,  the  number  of 
recognized  species  approaching  200.  The  aviculids  of  the  obliquely 
winged  type  were  the  most  conspicuous  and  characteristic.  A  repre- 
sentative form  is  illustrated  in  Fig.  210,  e.  A  part  of  the  pelecypods 
were  obviously  derived  from  Onondagan  predecessors,  while  others 
were  peculiarly  Hamilton  types,  either  immigrants,  or  forms  so  widely 
different  from  Onondagan  forms  that  their  parentage  is  unrecognizable. 

The  subordinate  place  of  the  gastropods.  — Though  fairly  abundant, 
the  gastropods  were  quite  inferior  to  the  pelecypods  in  numbers.  The 
genera  were  almost  entirely  the  same  as  in  the  Onondaga  epoch,  though 
the  species  were  largely  new.  The  capulids  were  still  abundant,  but 
by  no  means  so  plentiful  as  in  the  preceding  faunas.  The  pteropods, 
again  on  the  ascendant,  were  represented  by  Conulariaj  tentaculites, 
and  a  minute  Styliola  which  largely  formed  certain  thin  beds  of  lime- 
stone, as  the  tentaculites  had  previously  done. 

Other  features. — The  Hamilton  trilobites  differed  notably  from 
the  Onondagan  in  being  much  inferior  in  numbers  and  much  less  orna- 
mented. The  dalmanites  was  present,  but  in  relatively  modest  garb. 
As  an  offset,  the  other  crustaceans  were  more  amply  represented  by 
the  phyllocarids  (Fig.  210,  a)  and  cirripeds  (Fig.  210,  6).    Among  the 


r  were  the  first  known  barnacles  of  the  modem  sessle  type.  In 
g  its  pedicel,  and  in  fixing  itself  immovably  on  other  objects,  it 
me  a  degenerate  type,  but  it  fomid  an  miworthy  place  for  itself 
liich  it  has  hung  with  wonderful  perastency,  not  unlike  the  debased 
an  class  which  it  has  come  to  typify,  for  it  has  lived  through  all 
igcs  since,  and  still  shows  no  signs  of  extinction. 

The  Norihwesiem  Hamilton  Fauna. 
vTiile  the  preceding  fauna  was  developing  in  the  eastern  interior 
md  apparently  receiving  contributions  from  more  southerly  coasts, 
her  fauna  was  evolving  on  somewhat  different  lines  in  a  sea  that 


211.— This  pun-e  is  compiled  chiefly  from  data  contained  in  Schuchert'f 
■synopsis  of  American  Fosjil  Uracil iopoda.  and  represents  approximalely  tjif 
jlnlc  of  oiir  present  knowJedRe  of  (lie  eeologic  range  of  the  genera  of  foesU 
Ijrafliiopoda.  Tlic  broken  line  represents  (lie  number  of  new  genera  initiated  durin? 
;lie  miccfssivo  peoloRie  periods;  the  full  line  represenls  the  total  number  of  genera 
Itreuent;  and  tlie  difference  between  tlie  two  represents  the  number  of  genera 
ivhieli  have  |)assed  over  from  the  preceding  period. 

■ar.-^  to  have  overspread  a  large  tract  in  the  northwestern  interior, 
i  sea  embraced  portions  of  Missouri,  Iowa,  Manitoba,  and  the 
kciizic  A-alley.  It  doubtless  had  its  oceanic  connection  at  the 
li  or  iiortli«-cst.  It  does  not  appear  to  have  had  any  connection 
I  the  ocean  to  the  south  in  the  eariier  stages.     It  seems  to  have 
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adually  extended  itself  to  the  southward  and  at  length  to  have  joined 
e  eastern  sea  across  the  tract  stretching  from  the  old  lands  of  Wis- 
nsin  to  the  similar  old  lands  of  Missouri  which  had  in  the  earlier 
iges  formed  a  separating  isthmus,  but  which  at  length  became  sub- 
erged  by  the  advance  of  the  seas  on  either  hand.  This  northwestern 
una  was  closely  allied  to  the  Middle  Devonian  fauna  of  eastern  and 
ntral  Europe.  So  close  indeed  is  the  similarity  that  the  inference 
forced  that  there  was  free  intercommunication  between  the  two 
gions.  The  prolonged  sea-arm  that  reached  down  the  great  interior 
Jley  of  the  northwest  was  perhaps  no  more  than  an  edstem  exten- 
m  of  the  Eurasian  Middle  Devonian  province.^  The  extension  of 
is  great  sea-arm  took  place  late  in  the  Devonian  period,  for  the 
rata  bearing  its  peculiar  life  lie  directly  on  the  older  formations  in 
Lssouri,  Iowa,  and  Minnesota,  with  no  Lower  Devonian  beds  between, 
owing  that  the  sea  crept  in  after  the  earlier  Devonian  epochs  had 
issed.  The  brachiopods  furnish  the  most  decisive  evidence  respect- 
g  the  relations  and  genesis  of  this  northwestern  fauna. 
Brachiopods  as  evidence  of  geographic  connections. — In  Europe  there 
a  horizon  so  well  marked  by  Hypothyris  {Rhynchonella)  citboides 
at  it  is  known  as  the  "  cuboides  zone  "  and  has  a  notable  place  in 
e  literature  of  the  subject  under  that  name.^  This  species  also  occurs 
eastern  Asia  (China),  in  northwestern  America  (Mackenzie  valley), 
western  America  (Great  Basin),  and  in  the  American  interior,  as 
r  east  as  New  York.  To  show  how  well  the  peculiarities  of  this 
rm  are  held  through  this  wide  distribution,  figures  of  typical  indi- 
duals  from  England  (Fig.  212,  h),  Russia  (Fig.  212,  /),  Chma  (Fig.  212, 
,  the  Great  Basin  (Fig.  212,  t),  and  New  York  (Fig.  212,  e)  are 
ranged  side  by  side.  Their  close  similarity  is  very  notable.  Spin- 
"  disjunctus  is  another  brachiopod  of  similar  range,  illustrations  of 
lich  Irom  England,  China,  Mackenzie  valley,  and  New  York  are 
ranged  for  comparison  (Fig.  212,  a,  6,  c,  and  d).  Schizophoria  (Orihis) 
natida  is  still  another  species  conmion  to  Europe,  Asia,  and  different 
xts  of  America,  and  is  illustrated  by  specimens  from  England,  China, 
ackenzie  valley,  Nevada,  Iowa,  and  New  York  (Fig.  212,  /,  A*,  I, 
,  n,  and  o).  Gypidula  comis  from  Iowa  and  China  is  illustrated  by 
g.  212,  p  and  5,  and  Spirifer  tullius  by  specimens  from  New  York 

»  WeUer,  Joum.  of  Geo!.,  Vol.  VI,  p.  306. 

»  Williams,  The  Cuboides  Zone  and  its  Fauna.     Bull.  G.  S.>.,  Vol,  I,  p.  481,  1890. 
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Mackenzie  valley  (Fig.  212,  r  and  s).  These  strikingly  illustra 
community  of  this  wide-ranging  fauna,  and  its  close  approax 
cosmopolitan  fauna.  Now  none  of  these  species  had  any  repr 
itive  at  all  closely  allied  to  it  in  the  southern  Hamilton,  nor  ai 
3  any  species  in  it  from  which  these  forms  could  probably  hai 
derived.  On  the  other  hand,  allied  forms  have  been  found  i 
land,  Belgium,  France,  Germany,  Russia,  Persia,  and  China.  Th 
LS  to  make  it  clear  that  the  derivation  was  from  that  quarte 
that,  while  the  American  northwestern  faxma  had  close  connectic 
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212. — Upper  Devonian  Brachiopoda,  showing  the  geographic  distribution 
e  species:  Spirifer  disjuncttcs  Sow.;  a,  England;  6,  China;  c,  Mackenzie  valh 
New  York,  itypothyris  cuboides  (Sow.);  e,  New  York;  /,  Russia;  ^,  Chij 
England;  i,  Great  Basin.  Schizophoria  striatula  (Schl.);  7,  Mackenzie  v^( 
New  York;  Z,  England;  w,  China;  n,  Iowa;  o,  Nevada.  Gyjkdula  comis  (Owe 
Iowa;  q,  China.     Spirifer  tullius  HaJl;  r,  New  York;  s,  Mackenzie  valley. 

the  Eurasian  continent,  it  had  no  previous  migratory  relatio 
the  eastern  and  southern  Hamilton  province.  This  is  furth 
igthened  by  the  fact  that  while  the  latter  had  species  of  Sou 
rican  origin,  none  of  these  latter  are  found  in  the  northweste 
a  previous  to  the  joining  of  the  two  provinces  at  the  close  of  tl 
3.  Wide-ranging  as  both  the  Hamilton  faunas  were,  they  h; 
yet  entirely  escaped  from  provincial  limitations, 
^he  corals  of  the  northwestern  Hamilton  fauna  were  of  the  Ono 
.  type,  which  seems  to  indicate  that  at  an  earlier  stage  the  Ono 
L  faima  and  the  ancestors  of  the  northwestern  Hamilton  faui 
3  into  communication,   as  might  well  have  happened  from  tl 
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northern  distribution  of  both.  The  corals  of  the  northwestern  Hamil- 
ton fauna  were  more  abundant  than  those  of  the  southern  Hamilton 
faima,  but  much  inferior  to  those  of  the  Onondaga. 

The  echinoderms  were  a  minor  factor,  as  were  also  the  trilobites 
and  bryozoans.  The  pelec3rpods  were  less  abundant  than  those  of  the 
southern  Hamilton  and  different  from  them.  Gastropods  were  pres- 
ent, but  not  important,  and  the  same  may  be  said  of  the  cephalopods. 

Some  notable  fish  remains  have  been  found  in  Iowa,  but  they  are 
quite  different  from  these  of  the  eastern  area,  although  perhaps  derived 
from  them  by  westward  counter-migration,  after  the  communication 
between  the  provinces  was  established. 

In  the  later  part  of  the  Hamilton  epoch,  when  the  southern  and 
northwestern  seas  became  confluent,  the  northwestern  fauna  invaded 
and  overran  the  eastern  and  southern  territory,  and  a  new  fauna 
developed  from  the  commingling  of  the  members  of  the  two.  This 
leads  on  to  the  closing,  more  cosmopolitan  phase  of  Devonian  life  in 
the  interior  sea,  the  Chemung  fauna. 

The  Later  Devonian  {Chemung)  Fauna. 

The  commingling  and  conflict  which  attended  the  invasion  of 
the  eastern  and  southern  interior  sea  by  the  northwestern  fauna  may 
be  regarded  as  the  initial  and  controlling  event  in  the  evolution  of 
the  Upper  Devonian  fauna.  As  in  the  case  of  the  Onondaga  invasion, 
the  northern  fauna  proved  the  more  Adrile  and  gave  character  to  the 
composite  fauna  that  resulted  from  the  extinction  of  the  weaker  species 
and  the  fusion  of  the  remaining  invaders  and  invaded.  The  strati- 
graphical  evidence  of  the  invasion  is  first  caught  on  the  western  border 
of  the  invaded  sea  in  the  fauna  of  the  Hamilton  at  Milwaukee.  The 
northwestern  invaders  appear  first  in  the  eastern  part  of  the  basin 
in  the  Tully  limestone  of  New  York,  where  the  detection  of  the  sig- 
nificance of  the  faima  is  due  to  the  critical  studies  of  H.  S.  Williams. 

The  influence  of  fatmal  and  physical  conditions. — From  the  fact 
that  the  sediments  of  the  time  were  predominantly  silts  and  sands, 
only  a  slight  and  precarious  submersion  of  the  occupied  portions  of 
the  continental  platform  is  inferred,  and  this  was  not  a  condition 
altogether  favorable  to  the  evolution  of  a  general  fauna  of  the  first 
order,  and  the  local  conditions  were  effectively  impressed  on  the  fauna. 
In  the  interior  basin  there  were  three  dominant  factors:   (1)  the  resi- 
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southern  Hamilton  fauna,  (2)  the  invading  northwestern  faun 
(3)  the  shallow  and  rather  turbid  waters  in  which  these  faun 
and  merged. 

Tie  last  of  these  factors  expressed  itself  in  a  notable  rarity  of  cora 
^rhich  the  impurity  of  the  waters  was  uncongenial.  In  a  less 
ee,  this  was  true  of  the  crinoids,  but  they  none  the  less  exhibits 
?r  surprising  powers  of  resistance  or  of  adaptation,  since  all  tl 
rs  were  represented.  Cystoids  and  Mastoids  have  not  been  foun< 
starfishes  were  rare.  The  first  known  American  echinoid  appears 
he  Chemung,  though  in  Europe  the  type  had  appeared  as  earl 
le  Ordovician. 

The  brachiopods  best  express  the  outcome  of  the  conmiingling  ( 

resident   and  immigrant   faunas.    They   distinctly  indicate  H 

ips:    (1)  an  indigenous  class  which  had  developed  from  the  pn 

ng  resident  fauna  of  the  basin;    and  (2)  an  exotic   class  whic 

derived  from  the   immigrants   and   bore    European  character 

)ng  those  of  native  descent  were  Atrypa  reticularis,  Atrypa  hystri. 

ina  hamiUonensis,   Tropidoleptus  carinattis,  and  probably  certai 

ies  of  Stropheodonta  and  Productella.    Among  the  prominent  imin 

its  were  those  previously  discussed  and  illustrated  in  Fig.  21; 

foreign  group  was  more  conspicuous  than  the  native.     The  revers 

cxcT,  was  the  case  with  the  moUusks.    The  pelecypods  were  numo 

Init  not  so  abundant  as  in  the  preceding  epoclis.     The  majoril 

?iir  to  have  been  descendants  of  the  resident  bivalves.     Distin 

ign  n^lationships  have  not  as  yet  been  satisfactorily  distinguishe 

igh    sonio    suggestive    resemblances    have    been    noted.     Perha 

bivalves  were  not  well  suited  to  distant  migration.      The  gastr 

s   won'   loss   numerous   than   before,   and   apparently   local.    T 

opods  wore  represented  by  Tentaculites  and  Conxdaria,  similar 

>c  of  the  preceding  faunas.     The  genera  of  the  cephalopods  w( 

illy  the  same  as  those  of  the  southern  Hamilton,  though  the  spec 

?  mainly  new;   but  in  the  goniatite  genus  Manticoceras,  which 

ily  characteristic  of  certain  Portage  beds  in  western  New  York,  the 

a  conspicuous  Eurasian  immigrant  element  from  the  northwe 

iotal)lc  as  that  of  the  ^'cuboides''  fauna.^ 

Tli(»  marine  fishes  of  the  late  Devonian  are  not  verv  abundani 
rc^sentod  in  present  collections,  and  can  only  be  characterized  wi 

»  J.  M.  Clarke,  IGth  Ann.  Kep.  X.  Y.  St.  Gcol.  for  1896,  pp.  22-161. 
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ome  reserve.  They  seem  to  have  been  of  the  same  general  types 
\s  in  the  precedmg  epoch,  but  with  a  decline  in  the  singular  arthro- 
lirans,  an  increase  in  the  sharks,  and  a  continuation  of  the  ganoids 
vithout  assignable  change. 

The  pelagic  and  abysmal  life  of  the  Devonian. — Concerning  the 
)elagic  life  of  the  Devonian  nothing  is  known  except  as  it  may  be 
obscurely  suggested  by  the  floating  forms  that  were  entrapped  in 
he  sediments  of  the  shallow-water  zone,  or  that  found  their  way  into 
he  interior  seas,  and  this  element  does  not  admit  of  satisfactory  inter- 
)retation. 

Respecting  the  abysmal  life  nothing  is  known.  The  strata  reveal 
lo  c!ear  case  of  beds  laid  down  on  the  abysmal  bottom  of  the  Devonian 
>cean  and  subsequently  lifted  to  an  accessible  position.  It  is  therefore 
mportant  to  keep  ever  in  mind  the  limitations  to  which  all  statements 
especting  the  marine  life  of  this  period,  if  not  of  all  geological  periods, 
jre  subject. 

Marine  vegetation. — As  usual,  the  record  of  the  marine  plants  is 
oo  imperfect  for  satisfactory  discussion.  There  are  e\ddences  of 
Igae  as  before,  and  they  appear  to  have  been  well  deployed,  and  theo- 
etically  they  must  have  been  abundant.  Sections  of  what  are  inter- 
>reted  as  the  stems  of  a  gigantic  seaweed  {Nematophycus),  sometimes 
caching  three  feet  in  diameter,  have  been  found.  They  perhaps  mark 
he  dimensional  climax  of  this  form. 

The  Devonian  Fauna  in  the  Great  Basin  Area. 

In  the  region  which  constitutes  the  Great  Basin  of  the  west,  a 
iTge  area  seems  to  have  been  occupied  continuously  by  the  sea  from 
bout  the  beginning  of  the  Devonian  time  to  the  later  part  of  the 
Carboniferous  period.  It  seems  to  have  been  measurably  free  from 
oth  the  phj'sical  and  the  biological  changes  which  gave  such  diver- 
ity  to  the  eastern  pro\Tnces.  The  fauna  seems  to  have  had  a  slow 
ontinuous  evolution,  fed,  it  would  appear,  from  time  to  time  by  acces- 
ions  from  the  two  northern  provinces  or  from  some  source  with  which 
hey  were  connected.  None  of  the  distinctive  South  American  forms 
ppeared  in  it,  nor  any  of  the  peculiar  Hclderberg  or  Oriskany  forms. 
t  is  inferred,  therefore,  that  it  was  disconnected  from  these  provinces 
hroughout  the  whole  Devonian  period.    On  the  other  hand,  a  nota- 
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number  of  species  were  common  to  it  and  to  the  northwesten 
mice,  as  also  to  the  interior  province  after  it  had  been  invadec 
the  Onondaga  and  northwestern  Hamilton  faimas.  While  iti 
la  is  not  yet  well  enough  known  to  sanction  the  drawing  of  fina 
elusions,  it  bids  fair  to  ofifer  as  fine  an  example  of  a  stead] 
iterrupted  development  of  a  provincial  faima  as  does  the  easten 
^ince  of  the  fluctuating  and  militant  development  of  a  composite 
la  out  of  provincial  invasions. 

The  western  fauna  has,  as  now  known,  few  salient  features.  Th( 
lis  which  were  present  in  considerable  abundance  were  largelj 
itical  or  closely  allied  to  those  of  the  Onondaga  faima  of  the  north- 
,,  and  doubtless  had  a  common  origin,  through  some  northen 
nection.  Brachiopods  were,  as  might  be  expected,  the  leading 
[lent.  Several  species  were  identical  with  those  of  the  Onondagi 
la,  and  several  were  identical  with  species  embraced  in  the  north 
tern  Hamilton  fauna.  The  former  are  found  mainly  in  the  lowei 
zons  of  the  formation,  and  the  latter  in  the  upper.  In  this  the] 
n  to  indicate  an  early  communication  with  the  sources  of  the  Onon 
a  fauna  and  a  later  connection  with  those  of  the  northwesten 
nilton.  There  were  some  pelecypods  also  that  held  a  like  rela 
I,  but  the  greater  number  seem  to  have  been  indigenous.  Alt<] 
ler  they  were  rather  abundant.  The  same  may  be  said  of  th 
:ropods.  The  cephalopods,  so  far  as  known,  were  few  and  mostl 
genous.  The  trilobites  were  feebly  represented  and  were  probj 
all  indigenous.  Echinoderms  have  not  yet  been  reported.  Fis 
tains  are  found  abundantly  in  certain  localities. 

II.  The  Life  of  the  Land  Waters. 

Principle  of  interpretation. — It  would  doubtless  be  as  difficult 
\v  any  sharp  line  between  the  fishes  of  the  land  waters  and  tho 
he  sea  in  Devonian  times  as  it  is  now,  even  if  we  had  as  comple 
wledgc  of  them,  probably  even  more  so,  for  the  difTerentiati( 
:he  two  classes  was  doubtless  less  complete  than  now.  For  ge 
cal  purposes,  however,  all  tliose  fishes  that  were  denizens  of  ti 
ams  and  lakes,  also  those  of  the  freshened  waters  of  the  estuaric 
s,  and  inlets  on  the  land  border,  may  be  classed  together  as  fish 
;he  land  waters,  for  they  were  dependent  on  conditions  inseparab 


THE  DEVONIAN  PERIOD.  481 

from  the  land.  It  may  fairly  be  assumed  that  when  land  plants, 
insects,  and  terrestrial  mollusks  are  present  in  relative  abundance, 
and  true  marine  forms  are  absent,  the  associated  fishes  are  land- 
water  forms.  When  land  plants,  insects,  terrestrial  mollusks,  and 
fishes  are  mingled  with  a  limited  selection  of  species  that  are  usually 
marine,  but  which  may  have  frequented  somewhat  freshened  waters, 
the  better  inference  is  that  the  mixture  took  place  in  brackish  waters 
largely  surrounded  by  land  from  which  the  true  land  forms  were  floated 
in.  WTien  land  plants,  insects,  etc.,  are  commingled  with  a  full  group 
of  true  marine  forms,  the  better  inference  is  that  the  former  were 
carried  out  to  sea  by  floods,  and  that  the  deposit  was  really  marine. 
In  such  an  association  no  safe  inference  can  be  drawn  relative  to 
the  habitat  of  the  fishes,  unless  there  is  independent  evidence,  for 
they  may  have  been  true  dwellers  in  the  sea,  or  may  have  been  floated 
out  from  the  land  streams.  If  these  three  cases  occurred  alone,  the 
interpretation  would  be  fairly  easy;  but  it  so  happens  that  in  some  of 
the  great  Devonian  series,  certain  parts  of  the  formation  embrace 
cases  of  the  first  or  second  class,  while  in  other  parts  cases  of  the  third 
class  are  presented.  The  better  inference  here  is  that  the  formation 
took  place  in  part  on  land  or  in  land  waters,  and  in  part  in  marine 
waters.  The  deposits  forming  to-day  in  the  great  valley  of  California 
embrace  fluvial,  lacustrine,  and  marine  deposits,  together  with  land 
aggradation.  At  a  geologically  distant  day,  only  small  portions  of 
this  aggregate  would  probably  be  found  fossiliferous,  and  the  evi- 
dences of  these  portions  might  be  quite  opposed  to  one  another,  accord- 
ing to  the  particular  parts  selected;  but  the  true  interpretation  is 
ob\'ious.  This  appears  to  be  very  much  the  state  of  things  that  is 
recorded  in  the  "  Old  Red  Sandstone  "  type  of  the  Devonian  deposits. 
In  America,  the  Catskill  deposits,  or  some  large  part  of  them,  appear 
to  belong  to  this  type.  It  is  clear  that  they  were  contemporaneous 
with  the  Chemung  in  part,  and  the  opinion  of  Williams  and  others 
that  in  their  total  range  they  may  even  have  been  contemporaneous 
with  the  whole  of  the  marine  Devonian  series  is  inherently  reason- 
able, for  there  can  be  little  doubt  that  there  were  lacustrine,  flmdal, 
and  land-aggradational  deposits  at  all  times  throughout  the  period. 
The  only  question  is  whether  these  have  been  preserved  and  are  now 
known.  In  the  Canadian  pro\Tnces,  deposits  of  this  kind  seem  to 
have  a  quite  ample  development.    But  as  all  these  deposits  were, 


)}'  hypothesis,  laid  down  in  more  or  less  local  basins,  no  exact  coireb- 
ion  of  them  is  possible  at  present  and  they  may  best  be  conaiked 
ogether.  The  general  faunal  conception  is  therefore  that  in  ihe 
Appalachian  tract  and  in  the  Canadian  provinces  lying  to  the  nortb- 
last  of  it,  as  well  as  In  Great  Britain  and  Russia,  there  were  many 
odgment  basins  that  were  progressively  filled  by  land-wash  and  tresb- 
vater  sediments,  and  that  these  basins  were  the  home  of  a  fresh-mta 
ir  brackish-water  fauna,  in  which  ostracoderms  and  fishes  were  the 
eading  elements,  and  crustaceans  their  chief  colleagues. 

The  remarkable  deployment  of  the  cnistacean-ostracodenn-Terte- 
>rate  group. — No  more  si^gestive  combination  of  ancient  life  is  pre- 
lented  by  the  geological  record  than  that  which  is  found  in  tbeae 
iupposed  fresh-water  deposits.  The  type  was  foreshadowed  by  the 
■urypterids  and  fishes,  or  fish-like  forms,  that  appeared  in  the  doanf 
itages  of  the  Silurian,  but  the  record  of  that  time  is  too  imperfecl 
o  disclose  its  deeper  significance.  Even  with  the  much  superim 
iiatcrial  of  the  De\  onian  pcnod  the  more  profoimd  significance  ii 
)nl;  jubt  begmmng  to  be  realized  The  center  of  interest  is  a  uniqi* 
roup  of  ostracoderms    which  were  at  first  interpreted  as  placodern 


11  of  Ctpluil-l.--pi: 


(Atler  Fallen.) 


islicp,  and  later  classed  with  the  jawless  fishes  {Agnalfia,  lamprey 
■tc),  but  which  seem  now  to  be  clearly  proven '  to  be  an  entirely  (ii 
iiict  class  lying  between  the  arthropods  and  the  vertebrates,  at 
laving  some  of  the  cliaracterislics  of  each,  but  not  truly  belongii 
o  either.  Their  suprpiiic  interest  lies  in  the  force  they  give  to  tl 
iuggestion  that  the  vertebrates  sprang  from  the  arthropods, 

'  W.  Patten,  (Jn  the  Origin  of  \'cr(cbrates,  with  spetiaJ  reference  to  the  slnicti 
if  the  Ostracoderms.  Iiiternotional  Zooi.  ConR.,  Berlin,  1901,  On  tJie  App< 
lages  of  Tremoliispis,  Am.  Xal.,  XXXVII,  1903.  p.  223.  On  the  Structure  of  t 
"lernsjnda  and  Ctphalospida,  Am.  Nat.,  XXXVII,  1903,  p.  827.  New  Fads  cc 
%ming  Botkriolepis,  Biol.  Bull.  No.  2,  1904,  p.  113. 
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ostracodeims. — The  strange  forms  grouped  under  this  term 
eternal  resemblances  in  the  head  and  trunk  to  the  trilobites 


. — Restoration  of  Cephalaeina  seen  injiii  iiei 
U  bead  is  shown  on  tne  left,  the  reet  bein);  n 
le  roof  of  the  shield.     (After  Patten.) 


ig-crabs,  while  some  of  them  have  caudal  fins  and  a  fish-like 
Because  of  these  last  features  and  the  presence  of  bone  cells 


■. — Restoration  of  the  head  shield  of  Cyi'haspis,  showing  the  oar-like  appen- 
«,  ap,  the  three  median  eye-pit^,  <p.  uml  tlie  paired  niii»clc  markiiiKS,  mm, 
elimes  regarded  as  gill-poochcs.     (.After  Patten.) 

dermal  armor  of  some  members  of  the  group,  a.s  wtII  as  their 
e  association  w-ith  true  fishes,  they  have  lieen  classetl  as  fishes 
jcently.  But  no  vertebra;  nor  notoehord  has  been  found,  nor 
H;toral  or  pelvic  appendages,  nor  do  they  possess  either  upper 


/ 


lower  jaws  of  the  vertebrate  type.  On  the  contrary  each  jaw  cod- 
,8  of  two  separate  parts  which  act  upon  one  another,  not  ^-erti- 
ly,  in  vertebrate  fashion,  but  UUeraUy,  as  in  arthropods.  This  is 
lecially  true  of  the  upper  jaw.  While  perhaps  they  should  remain 
ier  the  broad  mantle  of  the  term  ChordtUa,  they  must  apparently 
removed  from  the  true  vertebrates  to  a  new  class. 
The  forms  which  show  most  strikingly  the  arthropodian  antaiw 
1  the  \-ertebrate-like  posterior,  are  the  cephalaspids  (head-shield) 
stratcd  in  Figs.  213  and  214,  restorations  by  Patten.  TTie  broad 
shovel-like  head,  with  the 
eyes  close  together  on  the  cen- 
tral ridge,  is  interpreted  as  an 
adaptation  to  plowing  in  the 
mud,  half-buried,  after  the 
fashion  of  the  modem  king- 
crab  {Limvlvs),  to  which  the 
cephalaspids  are  believed  to 
have  borne  more  than  a  super- 
ficial resemblance.  The  em 
were  protected  by  a  thin  coat- 
ing of  hard  material  continu- 
ous with  the  outer  layer  of  the 
shield.  The  large,  scgmentally 
arranged  trunk-scales,  the  tail 
and  the  fins,  are  decidedlj 
fish-like,  while  the  projected 
side  angles  of  the  shielc 
(comua),  so  trilobite-like  ii 
aspect,  as  well  as  the  eephalii 
appendages,  are  curious  fea 
tures  that  ha\-e  awakenei 
much  discussion;  as  have  als 
the  fringing  appendages  alonf 
the  side  of  the  body. 

The  Pteraspis,  the  earliesi 
of  these  curious  creatures  t( 
war  in  America  (Salina),  is  still  imperfectly  known  and  the  subject 
pronounced  differences  of  interpretation.     The  Cyathaspis,  Fig.  215 


.  21fi. — Reconstruction  of  tlie  head  and  trunk 
f  Tremataspix,  seen  from  abo\e.  Xatural 
he.     (After  Patten.) 
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Ted  to  this  family,  seems  to  throw  much  light  on  its  relations  in 
it  possessed  oar-like  appendages,  median  eye-pits,  and  muscu- 
aarkings  that  assist  in  interpreting  doubtful  features  in  the  Pteraspis. 
rhe  Tremataspis,  as  interpreted  by  Patten,  had  a  broad  oval  shield, 
I  a  pair  of  oar-like  swimming  appendages,  and  a  relatively  small, 
er  slender  trunk,  as  illustrated  in  Fig.  216.  As  in  the  Cephaiaspis, 
lateral  and  median  eyes  and  the  olfactory  pit  were  close  together 
.be  median  line,  well  back  from  the  front  margin. 
Perhaps  the  most  curious  of  all  these  strange  creatures  were  the 
ichthyds  (winged  fish),  of  one  of  which,  BoQiTiolepis,  an  elegant 
jration  by  Patten  is  shown  in  Fig.  217.    In  this  the  structure 


Fig.  217.— Reconstruction  of  Bolhrioiepis.  aide  v 


{After  Patten.) 


been  worked  out  in  great  detail  from  a  large  collection  made  in 
I  Brunsn-ick,  The  Bothriolepis  had  a  short  head  with  close-set 
ral  eyes  on  movable  stalks,  an  angulated  buckler,  and  a  very  slender 
ed  trunk  bearing  two  dorsal  fins,  and  a  tail  of  peculiar  form.    Three 

on  the  inner  surface  of  the  head,  between  the  lateral  ryes,  indi- 
■  the  presence  of  a  trioculate  median  eye.  There  is  no  sign  of 
ebrfe  or  of  notochord,  though  the  latter  may  have  been  present. 
ly   anatomical   featiu^s  suggest  relations   to   the  arthropods   on 

one  side,  and  to  vertebrates  on  the  other. 
[t  is  ob\'ious  from  even  the  few  features  here  noted  that  the  ostra^ 
Tms  differed  greatly  among  themselves,  and  were  probably  already 
ancient   widely   divergent   line.    Their   distinct  separation   from 
fishes  puts  a  new  phase  on  their  place  in  the  life  series.    Instead 
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)eing  initial  vertebrates,  they  formed  the  cUmax  and  almost  t 

of  their  own  strange  race,  for  they  practically  disappeared  wi 

period.    Their  disappearance  is  not  sm-prising  in  view  of  tl 

elopment  of  powerful  fishes,  for  the  ostracoderms  were  ob\dous 

a  masterful  race.    Besides  being  small,  their  forms  were  cluin 

he  main,  their  locomotive  organs  lacked  flexibility  and  efficient 

orm,  and  their  mouth-parts  were  weak,  and  poorly  situated  f( 

•essive  service,  as  were  also  their  eyes.    They  probably  plowc 

soft  bottoms  of  the  sluggish  waters,  half-buried  in  the  mud,  abov 

which  little  beside  their  peculiarly  placed  eye 
and  the  backs  of  their  plated  bucklers  wer 
habitually  exposed.  They  flourished  in  th 
fresh  \^^aters  of  the  eastern  Canadian  provinces 
as  also  especially  in  England,  Scotland,  Wate 
and  northwestern  Russia.  With  little  doub 
there  was  a  migratory  zone  between  these  re 
gions.  WTiile  the  ostracoderms  are  sometime 
reported  as  occurring  in  beds  with  marine  fos 
sils,  there  is  little  e\ddence  that  they  were  tru 
dwellers  of  the  open  sea. 

The  cyclostomes. — Another  strange  class  c 
organisms  related  to  the  fishes,  but  not  tru 
fish,  was  represented  by  the  singular  littl 
lamprey-like  form,  Palccos'pondylus  (Fig.  218 
which  has  awakened  much  interest  because  < 
the  suggestion  that  it  w^as  really  an  ancestr 
lamprey,  a  suggestion  supported  by  many 
.^,^,     ,,  ,  ,  ,      its   characters:   but   opinions  differ  as  to  tl 

2 IS. — Pahnh'^ponaffnis  '  ^ . 

»7?i,  restored  bv  tra-  roal  nature  of  tliis  relationship.     However  tl 

'nd^tone!'  ^^' clhlineS  ''^^y  ^^^  ^^^^  vertebrate  idea  is  represented 
otland.    (After Dean)  great  simplicity;  a  slender  column  of  vertebr 

lified  at  one  end  into  a  head  and  finned  at  the  other  for  a  ta 
lout  ribs,  or  paired  fins,  or  any  suggestion  of  paired  liml 
:o  up  the  kno\™  structure.  It  seems  to  represent  a  quite  prin 
type  of  the  vertebrates.  The  little  creature  was  scarcely  t^ 
les  long,  and  so  far  as  known  was  represented  by  a  single  speci 
',  found  at  Achanarras,  north  Scotland. 
The  wide  deployment  of  the  fishes. — The  true  fishes  found  in  t' 
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upposed  fresh-water  deposits  of  the  Devonian  exceed  in  number 
nd  variety  those  found  in  the  contemporaneous  marine  formations, 
"heir  relative  abundance,  however,  changed  notably  during  the  succeed- 
ig  periods  until  the  eea  fishes  came  to  preponderate  over  the  fresh- 
rater  fishes.  Some  of  the  leading  types  seem  to  have  flourished  in 
he  fresh  waters,  while  it  is  doubtful  whether  or  not  they  had  any  real 
epresentation  in  the  sea,  though  their  remains  are  occasionally  found 
3  marine  deposits.  This  is  of  interest  in  connection  with  the  question 
f  the  original  habitat  of  the  vertebrates,  a  question  to  which  the 
lew  views  of  the  ostracoderms  give  fresh  point. 

Perhaps  the  strangest  of  the  fishes  were  the  arthrodirans  repre- 
ented  by  Coccosleus  and  its  allies,  Fig,  219.    The  Coccosteus  was  well 


h  Scolland.     (After  WoodTv-ard.)     About  one-fourth  natiital  si 

irotected  by  plates  upon  its  head  and  shoulders  but  not  on  its  pos- 
erior  parts,  of  which  little  is  known.  The  relations  of  the  arthro- 
lirans  to  other  forms  are  puzzling,  but  most  paleontologists  regard 
hem  as  a  specialized  and  rather  divergent  branch  related  to  the  ances- 
ors  of  the  limg-fishes. 

The  lung-fishes  (Dipnoi)  formed  a  notable  feature  in  the  fauna, 
rhis  was  perhaps  even  the  time  of  their  maximum  development  and 
pecialization.  It  is  a  matter  of  interest  that  they  were  more  abundant 
n  the  fresh-water  faunas  than  in  the  marine,  as  it  is  in  line  with  the 
act  that  they  are  now  wholly  confined  to  fresh  waters,  being  repre- 
ented  by  a  few  strangely  isolated  forms,  viz.,  Ceralodus  in  Australia, 
^otoplerus  in  Africa,  and  Lepidosiren  in  South  America.  The  Dipterus 
Fig.  220),  a  representative  form  found  in  the  Old  Red  Sandstone  of 
korth  Scotland,  had  the  outlines  of  a  typical  modern  fish  and  was 
»mpletely  covered  with  scales. 

The  CTOssopterygians  (fringe-finned  ganoids),  at  present  the  most 
avored  claimants  to  the  parentage  of  the  amphibians,  were  repre- 


ed  by  Holoptychius,  Emthenerpteron,  and  their  allies.    These  show 
ly  resemblances  to  the  amphibians  in  their  teeth  and  skull-bones, 


220. — Diplerus  valennenne 


these  structural  resemblances  of  the  hard  parts  count  for  more 
1  the  physiological  resemblances  between  the  lung-fishes  and  the 
ihibians.    In  the  Holoptychius  (Fig.  221)  the  enamel  of  the  teeth 


221. — Restontion  of  Hotapliirkius  fleminsi  by  Tmquair;  about  one-eighth 
lalural  siie;  from  Old  Kcd  ?andatone.  Dura  Den,  Ccolland.  (After  Wood- 
intricately  infolded,  giving  a  dendritic  structure  in  cross-section, 
.llustrated  in  Fig.  222,  which  much  resembles  the  labyrinthodont 


.-^ctrtK^r^V 


s 


icture   of   certam    of  the   early   amphibians     The   holoptychians 
oar  to  ha\-e  been  rather  rare  in  the  early  Devonian,  but  to  ha^-e 
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been  dominant  forms  in  the  latter  part  of  tlie  period.  The  crossop- 
terygians  are  now  represented  by  Polypterus  of  the  Nile  and  Caia^ 
moichlhys  of  South  Africa.    The  Osteolepis  (Fig.  223),  which  was  closely 


in  the  ancestral  line  of  these  modern  forms,  was  abundant  in  the  earlier 
Devonian.  Like  the  lung-fishes,  the  crossopterygians  appear  to  have 
been  at  or  near  the  climax  of  their  evolution  in  the  Devonian  period, 
though  the  group  continued  in  considerable  strength  to  the  Cre- 
taceous. 

The  actinopterygians  are  known  to  have  been  represented  at  this 
lime  only  by  the  handsome  Cheirolepis  (Fig.  2241,  the  most  primitive 


of  the  group,  and  remarkable  among  the  fishes  of  the  time  for  the  very 
small  size  of  its  scales.  It  has  been  found  in  Scotland  and  in  the 
Province  of  Quebec. 

The  sharks  (elasmobranchs)  are  now,  and  (unless  the  Paleozoic 
era  be  excepted)  have  been  throughout  known  geological  time,  chiefly 
denizens  of  the  sea;  but  they  still  occasionally  live  in  fresh  water,  as 
in  Lake  Nicaragua  and  I^ke  Baikal.  It  seems  clear  that  in  the  De- 
vonian period  they  lived  in  the  open  sea,  as  heretofore  noted,  but 
their  remains  are  also  found  in  the  Old  Red  Sandstone  anil  in  the 
equivalent  deposits,  and  hence  it  is  probable  that  they  lived  in  fresh 
and  brackish  waters  also.    Prominent  among  them  were  the  acan- 


■dians,  sharks  amply  armed  with  fin-epines  (such  as  Climaiius  (Fi 
i)  Diplacanihus,  Cheiracanihus,  etc.)-  There  does  not  appear  to  1 
;■  clear  evidence  that  the  pavement-toothed  sharks  occupied  tl 
ih  waters,  and  this  is  not  strange  since  these  probably  did  not  offi 
lUgh  shell-fish  to  be  inviting  feeding-grounds. 
The  associated  arthropods.  —  In  view  of  the  arthropodan  reli 
IS  of  the  ostracoderms,  it  is  suggestive  that  now  again,  as  in  tl 


lo.  225. — Climatius  aeutigfr,  natural  siite,  from  Old  Red  Sandstone,  Scotluid. 
(Prom  Zittel,  after  Powri«.) 

ina  and  in  the  transition  beds  of  the  European  Silurian,  there  wei 
mtic  eurypterids  associated  intimately  with  the  ostracoderms  an 

fishes.  Taken  together,  these  constitute  a  most  remarkable  fauni 
1  Pterygotus  now  reached  the  extraordinary  length  of  two  meter 
■re  were  also  ostracodes,  phyllocarids,  and  phyllopods  related  to  tl 
heria  of  modem  brackish  waters.  On  the  land,  too,  were  scorpion 
bably  related    ancestrally  to   the    eurypterids,  as    well  as  the 

distant  kin,  the  spiders,  together  with  myriapods  and  insecl 
bably  also  ancestrally  related  to  some  of  the  aquatic  orustacear 
uis  already  (p.  482}  been  su^ested  that  this  association  of  arthi 
s  and  \'ertebrates  ran  back  to  their  origin,  and  it  may  here 
cd  that  it  ran  on  imtil  the  present  day,  for  the  fish  and  the  arthi 
s  {crayfish  and  smaller  crustaceans)  dominate  the  fresh  wate: 
le  the  terrestrial  vertebrates  and  the  insecteans  are  only  too  in 

0  associates  and  contestants  on  the  land. 

Fresh-water  mollusks. — Shells  believed  to  have  belonged  to  fre; 
or  mollusks,  and  closely  resembling  living  genera,  have  been  foui 
l';ngland,  Ireland,  Russia,  and  the  United  States,  accompanied 

1  plants  and  by  fishes.  Some  traces  of  what  are  supposed  to  ha 
II  frosh-watcr  plants  have  been  found,  but  as  yet  little  is  knoi 
ho  aquatic  vegetation. 
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III.  The  Land  Life. 

It  is  not  possible  to  follow  the  evolution  of  the  land  life  with  even 
Buch  partial  continuity  as  has  been  attempted  with  the  marine  life, 
for  the  record  is  much  more  imperfect  and  its  interpretation  more 
imcertain.  The  known  life  consisted  of  land  plants,  a  few  snails, 
insects,  myriapods  and  scorpions,  and  mere  traces  of  amphibians. 

The  land  plants. — ^The  dominant  element,  and  the  basal  one  as 
well,  was  the  vegetation;  but  there  are  good  reasons  to  think  that 
its  preservation  was  relatively  the  poorest.  In  the  early  stages  of 
its  evolution,  vegetation  was  doubtless  more  perishable  than  later, 
from  having  acquired  less  mineral  stiffening  and  less  protective  inves- 
titure of  bark,  husks,  nut-shells,  and  other  less  perishable  parts;  but 
even  in  their  best  estate,  plant  tissues  are  less  well  fitted  for  fossiliza- 
tion  than  the  shells  and  skeletons  of  animals.  To  this,  very  adverse 
terrestrial  conditions  are  added.  The  normal  fate  of  upland  plants 
is  to  perish  where  they  grow,  and  their  fossilization  is  usually  pro- 
hibited by  the  constant  denudation  of  the  surface.  If  any  part  of 
an  upland  plant  escapes  its  normal  fate,  it  undergoes  usually  various 
contingencies  of  decay,  consumption,  combustion,  and  other  forms 
of  destruction,  before  it  reaches  a  place  of  sedimentation.  If,  escapn 
ing  these,  it  reaches  a  lake  or  the  sea,  its  lightness  tends  to  keep  it 
afloat  and  render  it  peculiarly  susceptible  to  shore  action  and  to  differ- 
ent forms  of  organic  attack.  If  it  sur\4ves  these,  it  is  liable  to  be 
buried  near  the  shore  where  subsequent  denudation  is  most  likely 
to  cut  it  away,  for  the  extreme  borders  of  nearly  all  strata,  except 
in  cases  of  unconformable  overlap,  are  denuded. 

In  the  case  of  lowland  vegetation  the  chances  of  prompt  burial 
and  preservation  are  much  better,  but  even  here  the  contingencies  of 
subsequent  denudation  are  large.  It  is  only  when  the  area  of  sedi- 
mentation is  creeping  out  upon  the  land  with  relatively  little  shore 
cutting,  or  the  low  lands  are  undergoing  permanent  aggradation,  that 
the  conditions  for  the  fossilization  of  land  vegetation  are  even  fairly 
favorable.  Even  when  preserved,  the  parts  of  a  plant  are  apt  to  be 
dissevered,  and  their  re-assemblage  and  interpretation  is  difficult. 
It  is  rare  that  leaves,  fruit,  twigs,  limbs,  trunk,  and  roots  are  all  retained 
together.  In  the  case  of  ancient  forms,  especially  where  not  closely 
analogous  to  modem  types,  it  is  more  or  less  hazardous  to  attempt 
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estore  the  original  plant  by  combining  the  dissevered  parts  of 
rent  individuals.  Until  these  are  found  associated,  it  is  usually 
ssary  to  describe  and  name  the  parts  separately,  and  hence  the 
ibility  that  different  species  and  even  genera  will  be  founded  on 
separated  parts  of  the  same  plant,  a  possibility  that  has  been 
zed  not  infrequently.  As  discovery  proceeds,  these  are  detected 
the  nomenclature  revised. 

rhough  occasional  relics  of  land  plants  have  been  found  in  the 
rian  and  earlier  systems,  it  was  not  imtil  the  Devonian  that  land 
station  was  fairly  well  preserved,  but,  for  the  reasons  just 
iced,  it  is  by  no  means  safe  to  assmne  that  prolific  land  vege- 
)n  had  not  long  clothed  the  surface,  and  that,  perhaps,  of  a 
ewhat  advanced  order.  Physical  reasons  for  assuming  a  vegetal 
ection  of  the  surface  as  far  back  as  Proterozoic  times  have 
ody  been  presented.  The  study  of  the  Devonian  and  Carboni- 
us  plants  shows  that  they  were  widely  differentiated,  so  much  so 
.  their  ancestral  relations  are  uncertain,  which  is  best  explained 
a  long  previous  history.  The  alternative  is  to  suppose  a  ven'^ 
d  evolution  attended  by  an  equally  rapid  extinction  of  the  inter- 
iate  forms  and  of  the  residual  structures  that  usually  linger  long 
nark  the  course  of  evolution.  This  alternative  is,  however,  pre- 
m1  bv  some  authors. 

The   larger   part  of  the   Devonian   plants  preserved   were  buried 
nland  basins,  sometimes  mingled  with  the  fossils  of  fresh-water 
rials.     Of  the  upland  vegetation  little  or  nothing  is  known.    The 
and  forms  may  have  spread  over  the  uplands  in  greater  or  less 
ree,  or  a  very  different  and  quite  unknown  vegetation  may  have 
railed  there.     Comparatively  few  forms  have  been  found  in  the 
icr  Devonian  formations  and  the  apparent  evolution  during  the 
0(1  is  \'ory  marked,  but  it  is  doubtful  whether  tliis  represents  much 
e  than  improved  preservation,  for  the  types  do  not  converge  rapidly 
n   traced  backwards  as  though  they  had  originated  within  the 
0(1,  nor  do  they  diverge  rapidh^  as  traced  on  to  the  Carboniferous 
od.     The  Devonian  types  were  nearly  the  same  as  those  of  tlie 
boiiiferous,  and  as  the  latter  are  much  better  represented  in  the 
1  flora,  their  special  description  and  illustration  may  be  deferred 
1  advantage  until  the  discussion  of  that  period. 
The  dominant  Devonian  forms  were  pteridophytes  (ferns  and  their 
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allies)  and  the  lower  gymnosperms.^  The  angiospermous  flowering 
plants  were  not  represented,  so  far  as  known. 

The  record  of  the  lower  plant  groups  (on  the  land)  is  almost  nega- 
tive. There  is  no  evidence  of  liverworts  or  mosses  (Bryophytes)  nor 
of  terrestrial  algse  and  fimgi  (Thallophytes),  except  that,  interestingly 
enough,  bacteria  (both  bacillus  and  micrococcus)  have  been  reported.^ 
The  identification  of  such  simple  forms  in  fossilized  woody  tissue  at 
so  ancient  a  period  is  remarkable,  but  the  presence  of  bacteria  is  alto- 
gether probable,  for  there  is  good  reason  to  think  that  the  decay  of 
vegetation  was  then,  as  now,  accelerated  by  bacterial  action.  Other- 
wise the  vegetal  record  should  be  more  perfect. 

The  pteridophjrtes  were  represented  in  nearly  every  division.  Among 
the  Filicales  there  were  true  ferns  (Filices),  and  apparently  also  forms 
intermediate  between  ferns  and  cycads  {Cycadofilices,  Pteridospermoe), 
The  Equisetales  were  represented  by  calamarians;  the  Sphenophyllales 
by  the  type  genus  Sphenophyllum,  while  the  Lycopodiales  were  present 
in  the  form  of  Lepidodendron  and  possibly  Sigillaria,  reported  by 
some  authors  but  questioned  by  others.  The  spermatophytes,  on 
the  other  hand,  seem  to  have  been  represented  only  by  their  lower 
di\ision,  the  gynmosperms,  and  these  perhaps  only  by  Cordaites, 
though  conifers  and  ginkgos  have  been  reported.  The  identifications 
are,  however,  questioned. 

The  general  aspect  of  the  ferns  was  already  like  that  of  the  exist- 
ing forms,  but  the  other  families  were  archaic  and  peculiar.  It  is 
not  a  little  singular  that  forms  seemingly  so  delicate  as  the  ferns  should 
have  been  among  the  most  persistent  and  least  modified  of  terrestrial 
plants.  Notwithstanding  their  relatively  modern  aspect,  they  were 
archaic  in  many  features,  and  embraced  a  much  wider  range  of  characters 
than  at  present.^  The  larger  number  were  herbaceous,  but  tree-ferns 
{Psaronius),  not  unlike  those  now  living  in  the  tropics,  were  present. 
The  ferns  were  already  so  far  advanced  in  evolution  that  little  has 
yet  been  learned  from  them  relative  to  their  ancestral  relations.  They 
are  thought  to  have  been  the  progenitors  of  the  Cycadofilices  {Pterido- 
spermce),  and  through  them  of  the  cycads  and  of  most  or  all  the  other 

*  For  classification  see  Vol.  I,  p.  653. 

'  Renault,  Ann.  Sci.  Notes,  Vol.  II,  1896.     See  also  Steward,  Fossil  Plants,  1898, 
pp.  133-138. 

» D.  H.  Scott,  Studies  in  Fossil  Botany,  p.  506. 
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nosperms;  but  on  this  point  there  is  Dot  as  yet  complete  unanimit; 
pinion.    In  numbers,  the  ferns  or  fern-like  forms  appear  to  havt 
assed  all  others. 
Tie  forest  element  vas  chiefly  due  to  the  calamites,  gigantic  ances 

of  the  horsetails,  to  the  lepidodendrons,  gigantic  ancestors  ol 

club-mosses,  and  to  the  cordaites,  an  extinct  group  of  g>inno- 
mous  t>-pe.  All  of  these  trees  were  so  much  better  developet: 
le  Coal  flora,  where  they  reached  their  climax,  that  their  discussior 

advantageously  be  tieferred. 
rhere  were  not  a  few  forms  whose  relations  have  not  been  made 

satisfactorily  from  the  imperfect  material.  Among  them  an 
0  kno^Ti  as  psilophyhn  and  ptilophyton. 

The  insects. — Tlie  air  was  partially  peopled  by  insects  at  this  ttmp, 
lerous  wings  and  other  fragments  have  been  foimd,  chiefly  neai 
lolms,  Xew  Brunswick,  and  these  have  been  described  and  intrr- 
cd  by  Scudder.i    The  relics  indicate  that  the  insects  were  of  archai< 

synthetic  types  most  nearly  allied  to  modern  neuropters  am 
opters,  but  they  combined  characters  now  found  in  different  orJors 

representatives  of  neuropterous  aspect  seem  to  have  been  rclaliH 
he  mayflies  (Ephemera),  whose  lives  are  spent  chieflj-  in  wutor 


wirifred  condition  Ix-iiig  a.'sumed  for  a  short  [xriod  only.  If  lli 
■  lru(>  of  the  ancient  forms,  they  should  be  regarded  as  aqual 
cr  lliau  a^  aerial  denizens,  am!  scarcely  as  terrestrial  at  all,  Bi 
irn[U'rfc('t  relics  (X'riiaiw  do  not  warrant  pursuing  these  considc 
»,•;.  Fig.  220  .-jIiows  the  wing  structure  of  Platephemera  antiqii 
rge  species  witli  a  spread  of  wing  of  perhaps  five  inches.    Tlu 

\  lisi  is  given  in  Bull.  Xo.  71,  I'.  3.  Gcoh  Sun-.,  1891.  Question  has  l>een  rais. 
I  flip  Devonian  age  of  these. 
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some  at  least  of  the  Devonian  insects  were  terrestrial  vegetable  feeders 
is  perhaps  indicated  by  Scudder's  identification  of  a  stridulating  call- 
organ  attached  to  the  wing  of  Xenoneura  antiquorum  which  implies 
not  only  an  arboreal  habit  but  an  advanced  evolution  of  the  hearing 
organs.  Fig.  227  illustrates  the  wing  structure  of  this  species,  and 
shows,  imperfectly,  the  supposed  stridulating  organ.  As  cockroaches 
had  appeared  in  the  Silurian,  they  also  were  probably  present. 

Other  terrestrial  forms. — Myriapods,  arachnoids,  and  a  scorpion 
are  reported  from  plant-beds  in  New  Brunswick,  referred  by  Da\\'son 
and  others  to  the  Devonian.  Myriapods  were  present  in  England 
in  at  least  two  genera,  according  to  Peach.^  Terrestrial  moUusks 
are  also  reported  from  New  Brimswick. 

» Proc.  Roy.  Phys.  Soc.  Edin.,  Vol.  VU,  1882,  p.  179. 


CHAPTER  DC 

THE  MISSISSIPPI  AN  (EARLY  CARBONIFEROUS)  PERIOD. 

Phe  time  from  the  close  of  the  Devonian  period  to  the  end  of  tb 
(ozoic  era  was  formerly  regarded  as  a  single  period.  Since  th 
lations  of  this  period  included  many  important  coal-beds,  the  nam 
X)niferous  was  assigned  to  it.  During  the  course  of  the  Carbot 
)us  period,  according  to  the  old  definition,  the  following  genen 
lence  of  events  seems  to  have  taken  place: 
;i)  Early  in  the  period  there  was  an  expansion  of  the  interi( 
ontinental  sea,  especially  to  the  westward,  decreasing,  correspoiw 
y,  the  area  of  the  land  (Fig.  228).  The  deposits  made  in  the  a 
ing  this  stage  not  only  overlap  the  Devonian  beds  at  many  point 
rest  on  strata  older  than  the  Devonian.  The  early  Carbonifero 
s  probably  underlie  the  Great  Plains,  where  the  Devonian  syste 
x'lioved  to  be  absent,  thus  pointing  to  wide-spread  submergen 
this  direction.  This  interval  of  sea-transgression  constitutes  t 
)  major  diWsion  of  the  Carboniferous  period,  as  generally  define 
has  boon  variously  known  as  the  Subcarboniferous,  Lower  Cark 
ous,  and  Mississippian.  It  was  brought  to  a  close  by  wi( 
\a(l  eniergence  of  the  area  where  sedimentation  had  been 
p;ress. 

(2)  During  the  next  division  of  the  period,  as  the  term  Carbonii 
has  been  used  generally,  the  sea  was  at  first  absent  from  much 
area  between  the  Appalachian  mountains  on  the  east  and 
-hundredth  meridian  on  the  west.  This  epoch  of  emergence  sec 
have  been  followed  by  a  brief  epoch  of  submergence,  and  this  b; 
g  interval  during  which  the  area  of  the  eastern  interior  maintaii 
lalting  attitude,  being  now  slightly  above  the  sea-level  and  n 
;htly  below  it.    This  period  of  oscillation  constitutes  the  sec( 

496 


THE  MISSISSIPPIAX  PERIOD. 


-I  furtace.  The  mop  also  sliows  where  the  Missis 4 njii nil  evMvm  in  tliuiiglit  . 
exist,  though  buried  (the  lined  amis),  and  the  arous  front  wliich  it  in  tliniight  t» 
have  lieen  tenioved  by  erosion  (the  dotted  areasl.  Hy  iiifcretiit,  also,  tlie  mip 
shnw-s  the  lelationa  of  laod  and  wutcr  during  the  }Iiji3i«>ipi»an  i)crio<l. 
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it  division  of  the  old  Carboniferous  period,  and  has  been  various 
gnated  Carboniferous^  Coal  Measures,  Upper  Carboniferous,  ai 
nsylvanian.  West  of  the  Great  Plains  this  second  division  wj 
the  first,  a  time  of  wide-spread  submergence. 
(3)  The  third  di^'ision  of  the  period,  as  formerly  defined,  w 
racterized  by  a  notable  deformative  movement,  which  resulte 
ard  the  close  of  the  period,  in  the  folding  of  the  Appalachian  mou 
is,  and  less  pronounced  deformations  elsewhere.  During  the  earli 
b  of  this  movement  the  record  shows  merely  a  general  withdrawal 
sea.  Lakes  (some  of  them  salt)  and  partially  enclosed  seas  we 
eloped  at  various  points  where  the  open  sea  had  been.  Near 
entire  top  of  the  true  continental  platform  seems  to  have  emergi 
he  close  of  the  period,  and  to  have  suffered  more  deformation  ih 
occurred  at  any  time  since  the  beginning  of  the  Cambrian  perio 
s  division  of  time  is  known  as  the  Permian. 
The  general  relations  of  land  and  water  in  the  middle  latitud 
he  eastern  part  of  the  continent  during  the  three  divisions  of  tin 
itioned  above  may  be  roughly  illustrated  by  Fig.  229. 
There  has  long  been  doubt  as  to  the  propriety  of  regarding  tl 
mian  as  a  part  of  the  Carboniferous,  and  though  mentioned  in  tli 


jr 
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229. — Diagram  illustrating  the  general  attitude  of  the  middle  latitudes  of  t 
astern  part  of  the  I'nited  States,  with  reference  to  sea-level,  during  the  Mississippi 
*ennsylvanian,  and  Permian  periods.  The  dotted  line  represents  land,  the  1 
ine,  sea  level. 


nection,  it  is  here  regarded  as  a  separate  period,  coordinate  wi 
Silurian,  Devonian,  etc. 

There  seem  to  be  sufficient  reasons,  also,  for  regarding  the  Miss 
)ian  or  Ei\rly  Carboniferous   formations   as   a  system  coordina 
1  the  Silurian,  Devonian,  etc.,  and  this  classification  is  here  adopte 
reasons  for  this  departure  from  the  current  classification  will 
cated  after  the  history  of  the  period  has  been  sketched. 
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Formations  and  Physical  History. 

The  transition  from  the  Devonian  period  to  the  Mississippian  seems 
to  have  been  accomplished  without  notable  deformative  movement,  so 
far  as  the  larger  part  of  North  America  is  concerned.  This  is  shown 
by  the  fact  that  the  earlier  formations  of  the  Mississippian  period 
covered  most  of  the  area  where  Devonian  sedimentation  had  been 
in  progress,  and  that  the  formations  of  the  later  system  are,  in  general, 
conformable  on  those  of  the  earlier.  These  relations  hold  for  both 
the  eastern  and  western  parts  of  the  continent.  On  the  other  hand, 
the  Mississippian  strata  are  more  wide-spread  than  the  Devonian, 
indicating  that  the  interior  sea  of  the  Mississippian  period  spread  some- 
what more  widely  over  the  continent  than  that  of  the  late  Devonian 
period.  The  Catskill  region,  except  perhaps  its  western  part,  appears 
to  have  ceased  to  be  an  area  of  sedimentation  (compare  Figs.  196  and 
228),  and  in  the  eastern  part  of  the  continent,  especially  in  New  Eng- 
land and  the  Acadian  region  to  the  north,  sedimentation  was  inter- 
rupted, for  there  the  Carboniferous  beds  often  overlie  the  upturned 
and  eroded  Devonian  strata  imconformably. 

The  Mississippian  period  may  be  looked  upon  as  beginning  with 
the  beginning  of  the  continental  submergence  which  followed  the 
Devonian  period,  and  as  ending  with  the  emergence  of  considerable 
areas  of  the  continent,  and  a  corresponding  restriction  of  the  epi- 
continental sea  (Fig.  229).  From  this  definition  of  the  period,  it 
follows  that  the  earlier  beds,  deposited  while  the  advance  of  the  sea 
was  in  progress,  are  more  restricted  in  their  distribution  than  those 
of  a  somewhat  later  stage,  when  the  continent  was  more  generally 
submerged  beneath  the  epicontinental  sea. 

Throughout  the  period,  the  interior  sea  seems  to  have  been  bounded 
on  the  north,  the  east,  and  the  south  by  land,  though  there  were  prob- 
ably connections  with  the  ocean  in  these  directions.  To  the  west 
it  opened  broadly,  though  less  is  known  concerning  its  extension 
in  that  direction.  In  the  interior  sea  of  the  east,  and  in  the  more 
open  sea  of  the  west,  there  were   the  conditions  for  varied  sedi- 
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Subdivisions. 

rhe  following  subdi\Tsions  of  the  Misassippian  sjrstem  are  recog 
d  in  the  regions  indicated: 


[issiflsippi  River  States.^ 


askaskia  or  Chester 

.  Louis 

>age  or  Augusta  (Includ- 
ing the  Buiiington, 
Keokuk,  and  Warsaw) 

inderhook  or  Chouteau 


Ohio.' 


f7.  Maxville 
6.  Logan 
5.  Black  Hand 

<  4.  Cuyahoga 
3.  Sunbun* 
2.  Berea  grit 
1.  Bedford 


Peonssrlvaaia.^ 


2.  Mauch  Chunk 


1.  Pocono 


MaryUnd.^ 


3.  Mauch  Chunk 
2.  Greenbrier* 


1.  Pocono 


East  of  the  Great  Plains. 

[n  the  early  part  of  the  Mississippian  period,  when  the  sea  wa 
ewhat  more  expanded  than  is  shown  in  Fig.  196  and  less  wide-sprea< 
I  is  represented  in  Fig.  228,  the  eastern  edge  of  the  sea  seems  t 
?  been  bordered  by  high  land,  for  along  the  western  border  c 
alachia  coarse  sediments  (sands  and  gravels,  now  Pocono  sane 
e  and  conglomerate)  were  gathering.  The  land  to  the  north  an 
h  of  the  interior  sea  seems  to  have  yielded  finer  sediments.  I 
area  east  of  the  Cincinnati  arch,  the  sediments  which  now  coi 
ite  the  lower  part  of  the  Waverly  series  ^  were  being  deposite( 
h  of  this  sediment  mav  have  come  from  the  arch  itself,  whic 
have  been  at  first  a  peninsula  and  later  an  island.  The  are 
outhern  Michigan  ^  was  a  sort  of  bay  or  enclosed  sea  into  whic 
[iient  was  washed  from  the  surrounding  lands  at  the  time  tl 
T  part  of  the  AA^averly  series  was  being  deposited  east  of  the  Cii 
ati  arch.    The  association  of  salt  (brine)  mth  the  Micliigan  bee 

Williams,  Bull.  80,  U.  S.  Geol.  Surv.,  p.  1G9.     St.  Genevieve  was  the  term  appli( 

k'illiams  to  the  upper  part  of  the  Mississippi  system. 

Prosser,  Jour,  of  Geol.,  Vol.   IX,  p.  215,  and  Vol.  XI,  p.  520.     See  also  Ai 

,  Vol.  XXXIV,  p.  335. 

I'ennsylvania  Repts.  and  folios  of  U.  S.  Geol.  Surv. 

D'llara,  Mar}dand  Geol.  Surv.,  Alle^ny  Co.,  pp.  10^13. 

The  Greenbrier  is  absent  in  eastern  Pennsylvania.     It  comes  in  as  a  lentil 

tone  farther  west,  and  thickens  southward,  becoming  an   important  formatic 

irginia,  largely   replacing   the   Mauch   Chunk   shale.     See  Brownsvdlle-Connell 

folio,  U.  S.  Geol.  Sur\^     (Campbell.) 

aeol.  Surv.  of  Ohio,  Vol.  VII,  pp.  503-815. 

ol.  Surv.  of  Michigan,  Vol.  V  and  Vol.  VII,  Pt.  II,  Huron  County. 
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(Richmondville  [Berea]  sandstone)  is  significant  of  the  climate  as 
well  as  of  the  geography  of  the  time. 

The  Kinderhook  series. — West  of  the  Cincinnati  arch,  the  con- 
ditions of  sedimentation  were  varied  as  shown  by  the  natm^e  of  the 
formations.  In  the  early  stages  of  the  period  the  sediments  laid  down 
were  sometimes  clastic  and  sometimes  calcareous.  The  lowest  series 
in  the  states  bordering  the  Mississippi  is  commonly  known  as  the 
Kinderhook  series,^  and  is  characterized  by  considerable  variations 
in  the  character  of  the  rock.  The  sedimentation  seems  to  have  varied 
not  only  in  different  places  at  the  same  time,  but  in  the  same  place 
at  different  times.  The  Kinderhook  series  is  to  be  looked  on  as  repre- 
senting the  time  when  the  sea  was  in  the  early  stage  of  its  advance. 

The  Osage  or  Augusta  series. — A  little  later  the  waters  of  the  Mis- 
sissippi River  region  became  clearer,  and  the  varied  sedimentation 
just  referred  to  gave  place  to  the  deposition  of  the  more  nearly  pure 
limestone.  This  limestone  represents  the  second  or  Osage  stage  of 
the  period.  The  sea  in  which  this  limestone  was  deposited  extended 
far  to  the  westward,  probably  to  New  Mexico  on  the  one  hand  and 
to  Montana  on  the  other,  though  between  the  97th  meridian  and  the 
Rockies  the  strata  then  deposited  are  generally  buried  by  later  for- 
mations. The  likeness  of  the  fossils  of  the  Osage  limestone  of  the  Mis- 
sissippi basin  to  those  of  the  corresponding  formation  of  Europe  are 
thought  to  indicate  some  available  route  of  travel  for  marine  species 
(especially  crinoids)  between  these  widely  separated  regions.  What 
is  now  known  of  the  distribution  of  the  strata  of  this  stage  seems  to 
point  to  the  conclusion  that  this  route  was  a  northerly  one,  \da  Grin- 
nell  Land  and  Spitzbergen,or  possibly  via  Alaska  and  Siberia  (Fig.  228). 
Shallow  water  and  the  absence  of  great  variations  of  temperature  are 
probably  the  only  conditions  necessary  for  such  migration  as  the  faunas 
of  these  widely  separated  regions  imply.  The  Osage  series  of  the 
inunediate  Mississippi  basin,  known  in  Iowa  and  Missouri  as  the  Augusta 
series,  consists  of  several  subdivisions  which  have  local  names.^ 
Locally,  geodes  abound  in  the  series. 

*  For  details  concerning  the  Kinderhook  of  Missouri,  see  Weller,  Jour.  Geol.,  VoL 
DC,  pp.  130-48;  and  Keyes.  Vol.  VIII,  pp.  313-21;  and  Bull.  Geol.  Soc.  Am.,  VoL 
XIII,  pp.  267-82;  for  Iowa,  see  Calv-in  and  Keyes,  Vols.  Ill  and  XIII,  Iowa  GeoL 
Surv. 

*  See  reports  of  Bfissouri,  Iowa,  niinob,  Indiana,  etc. 
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lie  rich  deposits  of  zinc  and  lead  ore  in  southwestern  Missouri  and 
im  Kansas  are  chiefly  in  the  Osage  (Burlington)  beds,^  though  the 
llic  materials  were  concentrated  into  ores  at  a  much  later  time. 
)uring  the  second  or  Osage  stage  of  the  Mississippi  basin  the  con- 
ns of  sedimentation  in  Michigan  seem  to  have  remained  much  as 
le  Kinderhook  stage,  and  the  accumulation  of  clastic  sediments 
mued. 

^t  of  the  Cincinnati  arch,  which  probably  remained  above  water 
n  island,  the  deposition  of  clastic  sediments  was  also  continued, 
sediments  of  eastern  Ohio  constituting  a  part  of  the  Waverly 
3.2  Still  farther  east,  the  accumulation  of  the  sand  and  gravel 
le  first  stage  (Pocono)  either  continued,  or  had  been  succeeded 
lie  deposition  of  the  mud  which  now  constitutes  the  Mauch  Chunk 
'S.3  The  exact  time-relation  of  these  shales  to  the  Osage  epoch 
determined. 

i^hile  the  Mauch  Chunk  shales  succeed  the  Pocono  sandstone  of 
Tn  Pennsylvania,  with  no  intervening  formation,  there  is,  in  western 
isvlvania,  a  lentil  of  limestone  in  the  shales.  To  the  south,  this 
?tone  thickens  at  the  expense  of  the  shale,  and  in  Marj'land  *  and 
nia  constitutes  a  well-defined  formation  of  limestone  (Greenbrier) 
,  between  the  Pocono  below  and  the  Mauch  Chunk  above.  The 
man  limestone  of  more  southerly  regions^  is  perhaps  the  equiva- 
)f  the  Greenbrier,  or  of  the  Greenbrier  and  Pocono. 
he  St.  Louis  formation. — During  the  third  recognized  stage  of 
period,  limestone  (St.  Louis)  deposition  was  continued  in  the 
ssippi  basin,  but  the  fauna  which  it  contains  is  so  milike  that 
li  had  preceded  as  to  show  that  geographic  changes  of  consequence 
le  marine  life  of  the  interior  had  taken  place.  The  changes  seem 
ave  been  connected  with  the  removal  of  a  barrier  somewhere  in 
kvest,  which  allowed  the  fauna  of  the  Great  Basin  region,  hereto- 
shut  off  from  that  of  the  interior,  to  migrate  eastward,  and  mingle 
that  of  the  Mississippi  basin.  This  stage  marks  the  time  of 
iinuni  Mississippian  submergence,  so  far  as  the  western  interior  is 
?rne(l  (Fig.  228). 

iain,  Van  Hise,  and  Adams,  22d  Ann.  Rept.,  U.  S.  Geol.  Sim*.,  Pt.  III. 

n  addition  to  the  State  Reports  of  Ohio,  see  Prosser,  Jour,  of  Geol.,  VoL  IX, 

05-31,  and  Vol.  XI,  p.  519. 

*robably  of  terrestrial  origin.     Barrcll,  G.  S.  A.,  Dec,  1906. 

*rosser,  Jour,  of  Geol.,  VoL  IX,  p.  422.  *See  Tennessee  folios. 
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The  peculiar  faunal  changes  which  resulted  from  the  geographic 
changes  referred  to  are  discussed  elsewhere  (p.  518).  Suffice  it  here 
to  say  that  the  fauna  of  the  St.  Louis  limestone  of  the  Mississippi  River 
region  contains  species  which  seem  to  have  lived  in  the  region  which 
is  now  the  Great  Basin,  but  to  have  been  unable  to  escape  from  it, 
at  least  to  the  eastward,  imtil  this  time.  Their  escape  and  migration 
to  the  eastward  at  this  time  is  the  reason  for  believing  that  the  barrier 
which  had  heretofore  restricted  them  was  broken  down. 

It  was  perhaps  during  this  epoch  that  the  Bedford  limestone  of 
Indiana,  famous  as  a  building  stone,  was  deposited.  Much  of  this 
limestone  is  foraminiferal,  and  was  long  mistaken  for  oolite.  It 
is  in  the  beds  of  this  epoch,  too,  that  many  of  the  great  limestone 
caves  of  Kentucky  and  southern  Indiana  occur. 

In  Michigan  conditions  seem  to  have  remained  much  as  before 
for  beds  containing  salt  (brine)  and  gypsum  (Michigan  series)  were 
still  in  process  of  deposition,^  at  least  during  the  earUer  part  of  this 
epoch. 

The  strata  east  of  the  Cincinnati  arch  have  not  been  definitely 
correlated  with  those  of  the  third  stage  of  the  period  farther  west.  The 
limestone-making  conditions  of  the  Mississippi  River  region  may  have 
extended  eastward,  south  of  the  Cincinnati  arch,  to  eastern  Kentucky, 
Tennessee,  and  West  Virginia.  Farther  north  the  sediments  of  this 
stage  were  predominantly  clastic,  and  constitute  the  upper  portion 
of  the  Waverly  series.  Locally,  deposits  of  this  time  contain  both 
coal  and  iron  ore.^  In  the  northern  part  of  the  Appalachians  the 
Mauch  Chunk  shales  ^  were  in  process  of  deposition,  while  other  names 
(Pennington,  Canaan,*  etc.)  are  appUed  to  the  contemporaneous 
deposits  farther  south  in  the  same  moimtain  system.  The  Mauch 
Chunk  shales  contain  some  iron  ore. 

The  Elaskaskia  (Chester)  beds. — The  fourth  stage  of  the  Mississippian 
period,  according  to  the  classification  adopted  for  the  Mississippi 
basin,  seems  to  have  been  marked  by  more  restricted  waters  and  more 
varied  sedimentation,  for  sandstone  and  shale  are  sometimes  asso- 
ciated with  the  limestone  of  this  epoch.    The  deposits  of  this  stage 

»  GeoL  Surv.  of  Michigan,  Vol.  VII,  Pt.  II,  pp.  ia-15. 
'  Geol.  Surv.  of  Ohio,  Vol.  Ill,  p.  819. 

'  The  name  Mauch  Chunk  is  apphed  as  far  south  as  Mar>'land;  see  Jour,  of  GeoL 
Vol.  IX,  pp.  422-4. 
*  See  Tennessee  fohos. 
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nble  in  a  general  way  those  of  the  first  stage  fKinderhook)  ol 
period.    Those  were  made  while  the  sea  was  advancing  on  the 

and  deepening;  these  while  it  was  shoaling  and  retreating.  Bott 
more  restricted  in  their  distribution  than  the  beds  of  the  inter 
iate  epochs.  While  sedimentation  was  general  over  the  centra 
issippi  basin,  there  were  probably  changes  in  the  relation  of  lane 

water  from  time  to  time. 

n  Michigan  ^  and  Ohio  the  sediments  of  this  stage  (Maxville,  uppei 

of  Grand  Rapids,  see  p.  500)  were  partly  calcareous  and  partb 
ic.  Farther  east  the  accumulating  beds  (upper  part  of  Maud 
ik)  were  clastic. 

n  summation  it  may  be  said  that  while  the  Mississippian  bed 
predominantly  clastic  east  of  the  Cincinnati  arch,  they,  are  pre 
inantly  limestone  west  of  it,  though  limestone  is  not  wantinj 
le  east,  especially  in  the  latitude  of  West  Virginia  and  Maryland 
sandstone  and  shale  in  the  Mississippi  basin,  especially  in  the  firs 

last  epochs  of  the  period.     At  many  points  the  Mississippia 
^m  carries  great  quantities  of  chert. 
Tie  sections  of  the  Mississippian  system  on  pp.  557-563  give  som 

of  its  character,  its  range,  and  its  relations.^ 
'he  Mississippian  system  is  represented  northeast  of  the  Unite 
3S,  where  it  underlies  the  Coal  Measures  of  Nova  Scotia.     In  th 

field  of  this  region  ^  the  Mississippian  formations  rest  on  Can 
1  and  prc-Cambrian  terranes.  The  system  consists  of  a  thic 
ation  (2500  feet)  of  more  or  less  conglomeratic  sandstone  belov 
of  shale  and  limestone  above.  With  the  shale  and  limestone  thei 
local  beds  of  red  sandstone  and  gypsum. 

In  the  Great  Plains. 

i^ithin  the  area  of  the  Great  Plains,  the  Mississippian  system 
m  in  Indian  Territory*  (part  of  the  Caney  shale,  the  aggregat 

^ane,  Geol.  Surv.  of  Michigan,  Vol.  VII,  Pt.  II,  pp.  13-15,  and  22d  Ann.  Repi 
Geol.  Surv.,  Pt.  III. 

The  Mississippian  (Subcarboniferous,  Lower  Carboniferous)  is  shown  in  mar 
e  folios  of  Alabama,  Georgia,  Tennessee,  Virginia,  West  Virginia,  Kentuck; 
Pennsylvania. 

Hetcher,  Descriptive  Note  on  the  Sydney  Coal  Field,  Cape  Breton,  N.  S.,  190 
Taff,  Atoka,  and  Colgate  folios,  U.  S.  Geol.  Surv\ 
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thickness  of  which  is  about  1500  feet),  in  eastern  Wyoming  ^  (Guernsey 
and  part  of  the  Hartville  formation),  and  in  South  Dakota  ^  (Engle- 
wood  and  Pahasapa  limestone).  A  section  for  this  region  is  given 
on  p.  554. 

In  Indian  Territory  there  was  some  disturbance  at  about  the 
close  of  the  Mississippian.  The  beds  warped  upward  (relatively)  at 
this  time  suffered  erosion,  and  an  extensive  chert-conglomerate,  the 
conditions  for  which  were  prepared  by  the  interval  of  erosion,  marks 
the  early  stage  of  Carboniferous  proper  (Pennsylvanian)  deposition. 

West  of  the  Great  Plains. 

West  of  the  Great  Plains  the  Lower  Carboniferous  is  so  widely 
distributed  as  to  show  that  the  present  moimtain  region  as  far  west 
as  the  117th  meridian  was  mostly  submerged,  though  there  were  numer- 
ous islands,^  some  of  which  occupied  the  position  of  existing  mountain 
cores.  North  of  the  United  States,  marine  conditions  prevailed  east 
of  the  Gold  Ranges,  and  again  west  of  those  moimtains.  In  gen- 
eral, submergence  seems  to  have  been  more  wide-spread  in  the  west  in 
this  period  than  in  the  Pennsylvanian  period  which  follows;  but  in 
Wyoming  submergence  was  more  general  in  the  later  period.** 

The  several  stages  of  the  epoch,  as  defined  in  the  Mississippi  basin, 
have  not  been  separately  recognized  in  the  west,  and,  except  for  the 
removal  (by  sinking  or  otherwise)  of  the  barriers  which  bounded  the 
Great  Basin  on  the  east,  it  is  not  known  that  geographic  changes  of 
importance  occurred  in  that  region  during  the  progress  of  the  period. 
Much  of  the  Mississippian  system  in  the  west  is  limestone,  though 
clastic   formations  are  not   wanting.*    The   Mississippian  formations 

»  W.  S.  T.  Smith  and  Darton,  Hartville,  Wyo.,  folio,  U.  S.  Geol.  Surv.  As  classified 
in  this  folio,  there  is  an  unconformity  in  the  Mississippian,  but  conformity  between 
it  and  the  Carboniferous  proper. 

•Darton,  21st  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  IV,  p.  503. 

•Enmions,  Bull.   Geol.  Soc.   Am.,  Vol.   I,  pp.  263-7. 

*  Knight,  Bull.  45,  Wyo.  Exp.  Station,  1900. 

'  The  Mississippian  is  not  differentiated  from  the  Pennsylvanian  on  the  maps  of 
most  of  the  western  folios  of  the  U.  S.  Geol.  Surv.,  though  the  two  are  sometimes 
differentiated  in  the  text.  The  Carboniferous  (Mississippian  and  Pennsj-lvanian) 
is  shown  in  the  following  folios  of  the  west:  Colorado,  Anthracite  and  Crested  Butte, 
Pike's  Peak,  Ten  Mile  District  and  Walsenburg;  Wyoming ,  Absaroka,  Yellowstone  and 
Hart\^e;  Montana,  Fort  Benton,  Little  Belt,  Three  Forks  and  Livingston;  Utah, 
Tintic;    Arizona,  Bisbee;    and  on  most  of  the  California  folios. 
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exposed  about  many  of  the  mountains  of  the  west,  and  over  coc 
•able  areas  outside  the  mountains.  The  system  often  rests  o 
Cambrian  ^  or  Ordovician,^  as  well  as  the  Devonian,  and  it  some 
s  overlaps  all  eariier  Paleozoic  systems  and  lies  upon  the  Pre 
zoic^  (Algonkian),  and  frequently  attains  a  thickness  of  severj 
isand  feet, 
n  Colorado*  the  Mississippian  is  represented  chiefly  by  limestoE 

dolomite  (the  Leadville  in  central  Colorado,  the  Om*ay  in  tl: 
Juan  region,  and  the  Millsap  in  the  Front  range),  200  to  800  fe( 
c,  and  is  one  of  the  richest  ore  horizons  of  the  state.  The  faunj 
sate  the  reference  of  these  beds  to  the  Early  Mississippian.  Tl 
*  beds  of  this  system  were  probably  removed  in  the  post-Mississippu 
ion  interval. 

Mississippian  limestone  occurs  in  northeastern  Washington*  ai 
tie  Canadian  Rockies,  where  the  series  is  between  6000  and  70 
thick,  and  includes  5100  feet  of  limestone.®  The  system  is  ve 
rally  exposed  in  the  foot-hills  of  the  Rocky  moimtains.  In  mai 
s  of  the  west  it  is  imconformable  beneath  the  Upper  Carbonifero 
'ennsylvanian,  and  in  many  places  there  is  an  unconformity  in  t 
iTerentiated  Carboniferous  which  may  prove  to  di\dde  the  t\ 
3nis.  The  system  is  also  extensively  developed  in  Alaska,^  whe 
Carboniferous  proper  is  less  wide-spread,  so  far  as  present  kno\ 

is  concerned,  and  also  along  the  Arctic  Ocean  farther  east  (F 
.  In  the  last-named  region  the  beds  are  coal-bearing.^  The  Lo\^ 
)oniferous  (Mississippian)  has  also  been  recognized  on  Melvi 
id. 

spring  Mountain  range   of  South   Nevada,  Walcott,  cited  by  Spurr,  Bull.  2 
Geol.  Surv.,  pp.  166-172;  and  also  at  various  points  in  the  Black  Hills  of  Soi 
•ta,  Darton,  21st  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  IV. 
•>nake  Range,  Nevada,  Weeks,  cited  by  Spurr,  Bull.  208,  U.  S.  Geol.  Sur\'.,  p. 
•^mith  and  Darton,  Ilartville,  Wyo.  folio,  U.  S.  Geol.  Surv. 
Eldridge,  Anthracite-Crested   Butte  folio,  U.  S.  Geol.  Surv.;    and  Girty,  Pi 
r  No.  16,  pp.  162,  163,  and  217. 
Landes,  unpublished  evidence. 

Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  69.     Willis  thinks  some  of  the  hi 
lated  by  Dawson  with  the  Carboniferous  are  Algonkian;   Bull.  Geol.  Soc.  A 
XIII,  pp.  323-5. 
Dawson,  op.  cit.,  p.  85. 
Dawson,  Can.  Geol.  Surv.,  1886,  pp.  12R,  46-49R,  and  Map. 
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Igneous  Activity. 

During  this  period,  according  to  present  determinations,  there 
was  great  igneous  activity  in  the  west.  West  of  the  Gold  ranges 
in  British  Columbia,  the  early  Carboniferous  is  made  up  largely  of 
igneous  rock,  with  intercalated  beds  of  clastic  sediments.  The  area 
affected  by  vulcanism  at  this  time,  or  soon  after,  extended  from  Alaska 
on  the  north  to  California  on  the  south.^  For  this  region  the  vol- 
canic activity  subsided  before  the  close  of  the  Pennsylvanian  period. 

Close  of  the  Period. 

Geographic  changes  which  contracted  the  eastern  interior  sea 
to  very  narrow  limits  (Fig.  240),  if  they  did  not  completely  obliterate 
it,  brought  the  Mississippian  period  to  a  close.  Similar  changes  can- 
not be  affirmed  to  have  affected  the  western  half  of  the  continent  to 
the  same  extent,  but  the  tendency  of  recent  studies  is  to  show  that 
geographic  changes  of  consequence  took  place  even  in  this  part  of 
the  continent  at  this  time.  Evidence  of  this  import  is  found  in  Mon- 
tana ^  and  farther  north,^  where  the  Lower  Carboniferous  is  more 
wide-spread  than  the  Upper,  in  British  Columbia,*  in  Colorado,^  in 
Indian  Territory,®  where  there  was  perhaps  notable  warping,  and 
perhaps  in  Utah.^ 

In  some  parts  of  the  west,  however,  so  far  as  now  known,  marine 
conditions  prevailed  iminterruptedly  from  the  early  Mississippian 
period  to  the  later  part  of  the  Pennsylvanian  period. 

Sections  of  the  Mississippian  system,®  at  various  points  in  the  United 

*  Dawson,  op.  cit.,  p.  85. 

*  Montana  folios,  U.  S.  Geol.  Surv. 

»  Dawson,  Bull.  Geol.  Soc.  Arfi.,  Vol.  XII,  p.  85. 

*  Dawson,  Science,  March  15,  1901. 

*  Crested  Butte  quadrangle  of  the  Anthracite-Crested  Butte  folio,  U.  S.  Geol.  Sunr. 
See  also  5  below. 

*  Colgate,  I.  T.  folio,  U.  S.  Geol.  Sur\\,  p.  5. 

^  Emmons,  Orogenic  Movements  in  the  Rocky  mountains,  Bull.  Geol.  Soc.  Am., 
Vol.  I.  Also  Mono.  XXVII,  U.  S.  Geol.  Sur\'.,  and  Anthracite-Crested  Butte  folio, 
U.  S.  Geol.  Surv. 

■  The  Mississippian  system  is  not  represented  as  a  separate  system  on  the  folios 
of  the  U.  S.  Geological  Survey;  but  in  the  later  folios,  such  as  the  Indiana,  Latrobe, 
Elkland-Tioga,  Masontown-Uniontown,  and  Browns\Tlle-Connellsville  folios  of  Pennsyl- 
vania, the  Gaines  folio  of  Pennsylvania-Xew  York,  the  New  Castle  folio  of  Wyoming- 
South  Dakota,  and  the  Edgemont  folio  of  South  Dakota-Nebraska,  it  is  represented 
418  a  major  di\'i8ion  of  the  Carboniferous.     In  the  text  of  older  folios  the  Mississip- 


es,  are  given,  along  with  the  associated  sections  of  the  Pomsy 
an  (Carboniferous  proper),  on  pp.  557-563. 

Reasons  for  Regarding  the  Mibsissippian  a  Dibtinct 
System. 

[Tie  withdrawal  of  the  sea  from  a  large  part  of  the  eastern  interii 
he  close  of  the  Mississippian  division  of  the  Carboniferous  peril 
ised  the  newly  deposited  sediments  to  erosion.  The  exposu. 
long  and  the  erosion  considerable.  At  the  opening  of  the  Co 
sures  period,  as  will  be  seen  in  the  sequel,  a  large  part  of  this  ai 


again  the  site  of  deposition,  and  the  new  system  rests  unc 
lably  on  the  Mississippian  over  wide  areas."    This  is  true  in  plai 

perhaps  generally,  in  Missouri  ^  (Fig.  232),  Iowa  ^  {Fig.  2; 
sas,*  probably  in  Illinois,  in  Indiana*  (Fig.  231),  Kentucky^  i 
is  often  clearly  eeparated  from  the  Pennsylvanian,  though   not  aa  a  sepa 

Hisaouri  Geol.  Surv.,  Vol.  VII.  p.  422,  and  Vol.  VIII,  pp.  340  and  348;  I 
Surv.,  Vol,  IV,  p.  282,  and  Vol.  I,  pp.  74  and  89;  the  Univ.  Geol.  Surv.  of  Kf 

I,  pp.  17  and  147;   Indiana  Dept.  of  Geol.,  20th  Ann.  Rept.,  p.  196  et  seq., 

Knn.  Rept,,  p,  101 ;   Charleston,  W.  Va.,  Standing  Stone,  Chattanooga,  Low 

Vartburg,  Tenn.;  Richmond  and  Loudon,  Ky.,  and  Gadsden,  Ga.,  folios,  I 
Surv. 

Missouri  Geol.  Surv.,  Vol.  VII,  p.  424,  and  XII,  Pt.  II,  pp.  31  and  209,  and 
Rept.,  U.  S.  Geol.  Surv.,  Pt.  II,  p.  88. 

3eol.  Surv.  of  la..  Vol.  V,  p.  321,  Vol.  VII,  pp.  79,  210,  426,  503;    Vol.  Df 

nnd  Vol.  XII,  pp.  82,  296,  and  448. 

L'niv.  Geol.  Surv.  of  Kans.,  Vol.  I,  pp.  16  and  147. 

J2d  Ann.  Rept.,  Dept.  of  Geol.  and  Nat.  Rea.,  p.  17;  and  23d  Rept.,  p.  74, 

r,  Ditney  folio,  U.  S.  Geol.   Surv. 

Loudon  and  Richmond  folioa,  U.  S.  Geol.  Surv. 


THE  MISSISSIPPIAN  PERIOD.  509 

Pennsylvania,*  West  Virginia.^  Maryland,^  and  Tennessee,*  and  the 
tendency  of  recent  studies  is  to  greatly  extend  it.     (See  also  sections 


Fig.  231. — Di&grams  showing  uncontonnily  between  the  Mis^issippian  and  Penn- 
sylvaoUn  systemB  io  Indiana,  A,  at  Little  I'ine  Creek;  B,  at  Turkey  Run  (Hop- 
luus:  Ind.  Geol.  Surv.) 

pp.  557  et  seq.)  In  Indian  Territory  there  was  disturbance  (perhaps 
orogenic)  in  the  Arbuckle  mountains  at  the  close  of  the  Mississippian 
period.* 


(Winslow,  Missouri  Geol.  Sur\-,) 


This  wide-spread  emergence,  erosion,  and  submergence,  with  the 
accompanying  unconformity  of  the  overlying  series,  is  just  the  sort 

'Fuller,  GainsB  {Pa.-N.  Y.)  folio,  U.  S.  Geol.  Surv.;  Campbell,  Brownsville-Con- 
aelkville  (p.  7),  Maaontown-UniontowD  (p.  7),  and  EUdand-Tioga  (p.  3)  folios. 

'West  Virginia  Geol.  Surv.,  Vol  II,  p.  610  (I.  C.  White);  CampbeU,  Charleston 
(W.  Va.)  folio,  U.  S.  Geol.  Surv. 

'White  (Da\id),  20th  Ann.  Kept.,  U.  S.  Geol.  Surv.,  Pt.  II.  and  Martin,  Md.  GeoL 
Surv.,  Report  on  Garrett  Co.,  p.  110. 

*  Maj-naidviUe,  Tenn.,  folio,  U.  8.  Geol.  Surv.  (Keith). 

'Colgate,  I.  T.,  folio,  U    S.  Geol.  Surv.     (Tafl.) 
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change  which  is  here  held  to  separate  periods   (not  epochs), 
eady  indicated,  the  geographic  changes  extended  far  beyond 
tern  interior,  and  even  beyond  the  ^lississippi  basin.     In  Colwat 
•re  is  a  great  break  in  the  Carboniferous  system  which  perhi 
responds  to  that  just  noted.    Great  thicknesses  of  the  Mississipp 
item  were  probably  removed  before  the  deposition  of  the  Penn: 
lian  formations.    The  relations  of  the  strata  below  and  abo\'e 
conformity  are  such  as  to  show  not  only  that  great  changes  of  le 
fc  probable  orogenic  movements  supervened.    Similar  changes 
gested  by  the  relations  of  the  earlier  and  later  Carboniferous  bed 
ah,2  Montana,^  and   in   British   Columbia,"*  though    their  cont( 
•aneity  ^^-ith  those  of  the  Mississippi  basin  has  not  been  establisli 
en  where  there  is  no  imconformity  between  the  Lower  Carbonifer 

I  the  Coal  Measures,  as  in  most  of  the  Appalachian  belt,  there  i 
notable  change  in  sedimentation,  indicating  physical  changes 
iseciuence.    Nowhere  else  in  the  whole  course  of  the  Paleozoic 

\  so  great  physical  changes  embraced  within  the  limits  of  one  peri 
this  ground,   the  Mississippian   (or  Lower  Carboniferous)  mij 

II  be  separated  from  the  Pennsylvanian  (Coal  Measures)  as  a  se| 
e  system.  If  the  Mississippian  and  Pennsylvanian  are  still  regarc 
subdivisions  of  the  Carboniferous  period,  it  should  be  distinc 
lorstood  that  these  epochs,  and  their  corresponding  series  of  f 
.tions,  are  much  more  distinct,  physically,  than  the  epochs  and  sei 
earlier  Paleozoic  periods. 

Thickness  of  the  Mississippian  System. 

Li  keeping  with  the  variations  in  the  sediments,  the  thickness 
J  Mississippian  system  is  exceedingly  variable.  In  Pennsylvan 
ere  the  group  reaches  its  maximum  development,  there  is  a  thi( 
is  of  1400  feet  of  sandstone  (Pocono),  with  3000  feet  of  shale  (Mai 
unk)  alx)vc  it;  but  so  rapidly  do  the  formations  thin  to  the  westwf 
it  in  the  western  part  of  the  state  the  equivalent  formations  ha 

•  Kmmons,  Orogenic  Movements  in  the  Rocky  Mts.,  Bull.  Geol.  Soc.  Am.,  Vol 
lo.  XXVII,  U.  S.  Geol.  Surv.;  Anthracite-Crested  Butte;  and  Ten  Mile,  Co 
)8,  U.  S.  Geol.  Surv.  Also  Girty,  Professional  Paper  No.  16,  U.  S.  Geol.  Surv. 
'  Sec  1  above. 

•  Montana  folios,  U.  S.  Geol.  Sun'. 

•  Dawson,  Science,  March  15,  1901. 
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a  thickness  of  only  300  to  600  feet.  In  Maryland  the  thickness  is 
about  1300  feet.i  In  Ohio  the  sedimentary  beds  (Waverly  shales) 
are  rather  thicker  than  in  the  adjacent  parts  of  Pennsylvania.  In 
the  region  of  the  Mississippi,  where  the  system  is  chiefly  limestone^ 
it  reaches  a  maximum  thickness  of  about  1500  feet,  being  thinner  to 
the  north  and  thicker  to  the  south,  within  the  area  of  its  outcrop. 
Even  this  great  thickness  is  exceeded  in  West  Virginia,  where  the  lime- 
stone is  more  than  2000  feet  thick.  In  Indian  Territory  (Sycamore 
limestone  and  Caney  shale  ^)  the  Mississippian  has  a  thickness  of  about 
1800  feet,  in  the  Black  Hills  of  South  Dakota  275  to  525  feet,  in  Colo- 
rado (Anthracite-Crested  Butte  region)  400-525  feet,  and  in  the  regions 
of  the  Grand  Canyon  of  the  Colorado  in  northern  Arizona  (Red  Wall 
formation)  1800  feet.  At  any  probable  rate  of  accumulation,  such 
great  thicknesses  of  limestone  call  for  very  long  periods  of  time.  The 
duration  of  the  period  was  probably  as  great  as  that  of  some  of  the 
preceding  Paleozoic  periods. 

As  in  preceding  periods,  the  thickest  beds  of  the  Mississippian 
system  are  in  the  Appalachian  moimtains.  Here  too,  where  the  beds 
are  thickest,  they  were  accumulated  in  shallow  water,  suggesting 
either  that  subsidence  was  in  progress  pari  passu  with  the  sedimenta- 
tion, or  that  inclined  deposition  took  place,  as  the  shallow-water  zone 
crept  seaward,  pari  pa^su  with  the  sedimentation. 

The  distribution  of  the  uncovered  portions  of  the  Mississippian 
beds  in  the  eastern  part  of  the  continent  is  sho'^-n  in  black  in  Fig.  228. 
The  beds  themselves  are  of  course  much  more  extensive  than  their 
outcrops.  Within  the  area  of  North  America  they  are  believed  to 
be  concealed  by  yoimger  beds,  largely  Pennsylvanian  (the  lined  areas 
of  Fig.  228).  They  have  probably  been  removed  from  considerable 
areas  (dotted  areas  Fig.  228)  where  they  were  originally  deposited. 
Like  all  preceding  systems,  the  Mississippian  doubtless  has  wide  dis- 
tribution  beneath  the  sea,  where  it  is  probably  thin. 

The  Lower  Carboniferous  ^  of  Other  Continents. 

Europe. — ^The  post-Devonian  Paleozoic  systems  of  Europe  resemble 
the  corresponding  systems  of  North  America  in  some  ways,  and  are  in 

» Proeser,  Jour,  of  Geol.,  Vol.  IX,  pp.  422-4. 
»Taff,  Professional  Paper  31,  U.  S.  Geol.  Surv. 

'The  term  Lower  Carboniferous  is  here  used,  instead  of  Mississippian,  because 
it  is  the  term  in  common  use  in  Europe. 
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rast  with  them  m  others.  The  formations  in  eastern  and  westei 
3pe,  as  in  eastern  and  western  America,  are  notably  unlike.  1 
ern  Europe,  two  great  series,  or  systems,  are  included  imder  tl 
)oniferous,  namely,  (1)  the  Lower  Carboniferous,  chiefly  of  marii 
in,  and  (2)  the  Coal  Measures  or  Carboniferous  proper,  deposit< 
ly  in  lagoons,  marshes,  and  lakes,  and  partly  in  the  sea.  The 
systems  correspond,  in  a  general  way,  to  the  Mississippian  ar 
isylvanian,  respectively,  of  eastern  North  America. 
?he  relations  indicated  above  do  not  hold  for  eastern  or  for  southei 
3pe.  The  Upper  and  Lower  Carboniferous  formations  of  southei 
3pe  are  like  the  Mississippian  and  Pennsylvanian  of  western  Nort 
jrica,  to  the  extent  that  they  are  chiefly  marine.  The  formatioi 
astern  Europe  are  not  closely  analogous  to  those  of  any  part  < 
bh  America,  the  Lower  Carboniferous  being  partly  marine  ar 
ly  non-marine  and  coal-bearing,  while  the  Upper  Carboniferous 
ely  marine. 

^ike  the  earlier  Paleozoic  system,   the  Lower  Carboniferous 
ope  is  thicker  in  the  western  part  of  the  continent  than  in  tl 
ern,  though  the  difference  is  less  conspicuous.    In  Russia,  whe 
t  of  the  preceding  Paleozoic  systems  have  had  but  a  fraction 
thickness  which  they  possess  in  western  Europe,  the  Lower  Ca 
iferous  attains  great  development. 

Though  the  rocks  of  the  Lower  Carboniferous  series  rest  confon 
'  on  the  Old  Red  Sandstone,  or  on  other  phases  of  the  Devoni; 
em,  in  many  parts  of  Europe,  they  nevertheless  record  consid( 

geographic  changes.  The  early  Carboniferous  formations 
:ern  Europe  are  of  marine  origin,  while  the  Old  Red  Sandsto 
elievetl  to  have  been  accumulated  in  inland  basins.  Furthermo 
distribution  of  the  Lower  Carboniferous  and  Devonian  is  son 
t  unlike,  the  younger  formation  occurring  at  some  points  wh( 
older  is  absent,  and  vice  versa.  Among  other  geographic  chang 
ery  wide-spread  submergence  of  northern  lands  in  Europe  a 
I,  as  well  as  North  America,  may  be  noted. 
Fig.  233  represents  the  general  relations  of  land  and  water  in  Eurc 
ng  the  period.  Fig.  234  shows  the  same  relations  in  France  a 
immediate  surroundings  in  more  detail.  In  general,  the  relatic 
he  Lower  Carboniferous  to  the  Devonian  indicate  a  somewl 
3-spread,  even  if  slight,  submergence  at  the  opening  of  the  Eai 
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Carboniferous  period.    This,  it  is  to  be  noted,  corresponds  with  the 
sequence  of  events  in  North  America. 

The  Lower  Carboniferous  system  of  western  Europe,  like  that  of 
North  America,  is  largely  of  limestone.  So  true  is  this  that  the  period 
is  sometimes  known  as  the  period  of  the  Carboniferous  limestone. 
In  Great  Britain,  these  formations  early  received  the  name  of 
"  mountain  limestone,"  and  that  name  has  frequently  been  used  in 


Fig.  233. — Map  Bhowinsthe  relalio. 
boniferouB  period.  The  •  -  "•  - 
(After  De  Lapparent.) 

connection  with  the  corresponding  formations  in  North  America.  The 
Lower  Carboniferous  limestone  seems  to  have  extended  continuously 
from  Ireland  and  Great  Britain  over  northern  France,  where  it  lias  a 
thickness  of  nearly  2500  feet  along  the  base  of  the  Ardennes,  throi^h 
Belgium,  and  across  the  present  valley  of  the  Rhine  into  Westphalia. 
Farther  east,  it  passes  into  shale,  sandstone,  and  even  conglomerate, 
collectively  known  as  the  Culm. 

Limestone,  however,  is  not  the  only  formation  of  the  Early  Carbon- 


us  iMisBisEippiaD)  period,  even  in  western  Europe.  Limestone 
tes  clear  seas;  but  the  bcMxiers  of  clear  seas  are  often  the  sites 
tcumulation  erf  clastic  rocks,  and  the  clear  waters  of  the  early 
oniferous  sea  which  extended  from  Irelaod  to  the  north  of  Europe 
bordered  by  Ehovs  along  which  mud,  gravel,  and  sand  were  deposit- 
In  the  north  of  Britain,  for  example,  near  the  northern  bordos 
le  sea  of  the  period,  there  are  shales  and  sandstones,  and  the  same 


tie  in  the  south  of  England  along  the  southern  border  of  the  same 
This  facics  of  the  formation  corresponds,  in  a  general  way,  with 
['uhu  of  the  continent,  and  is  sometimes  known  by  the  same  name. 
Culm  phase  of  the  Carboniferous  often  contains  conglomerates, 
locally  coal.i  Beds  of  marine  limestone  frequently  overlie  the 
er  Carboniferous  coal-seams  of  Scotland. 

■  Geikie,  Text-book  ot  Geolopy,  ^"ol.  II,  pp.  1045-1051. 
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The  Lower  Carboniferous  of  Silesia,  and  of  central  and  southern 
Russia,  differs  from  that  in  the  western  part  of  the  continent,  in  that 
it  is  not  all  marine,  and  contains  much  coal.  The  coal-field  of  Moscow 
covers  13,000  square  miles,  the  system  resting  conformably  on  the 
Old  Red  Sandstone  or  its  equivalent.  The  coal-beds  are  mostly  thin 
and  poor.  The  coal-field  of  Donetz  (southern  Russia  ^)  covers  11,000 
square  miles,  and  contains  44  workable  beds  (some  of  them  Upper 
Carboniferous)  w^hich  have  an  aggregate  thickness  of  114  feet.  Work- 
able coal-beds  also  occur  in  the  upturned  Lower  Carboniferous  strata 
on  the  flanks  of  the  Urals. 

The  Lower  Carboniferous  is  w^anting  in  most  of  central  France,  and 
eastward  through  Bohemia,^  Moravia,  and  into  the  region  of  the  Car- 
pathians. Here  the  Carboniferous  proper  (corresponding  to  the 
American  Pennsylvanian)  rests  on  older  Paleozoic  systems.  This 
tract  was  probably  land  during  the  Early  Carboniferous  period.  In 
southern  Germany  the  Lower  Carboniferous  appears  in  the  moun- 
tains only. 

The  Lower  Carboniferous  of  southern  Europe  is  not  very  different 
from  that  of  the  central  part  of  the  continent,  a  fact  which  shows  that 
the  northern  and  southern  parts  of  the  continent,  which  constituted 
such  distinct  and  persistent  provinces  during  the  earlier  periods  of 
the  Paleozoic,  were  now  less  sharply  defined. 

Lower  Carboniferous  rocks  are  also  found  in  Spitzbergen,  where 
they  rest  on  the  Old  Red  phase  of  the  Devonian. 

Igneous  rock.3 — ^The  Low^er  Carboniferous  system  of  Scotland  and 
of  central  Europe  is  notable  for  the  large  amount  of  volcanic  rock 
which  it  contains.  Volcanic  rocks  dating  from  this  period,  probably 
largely  from  its  later  part,  are  found  at  various  points  in  England, 
Ireland,  and  Scotland.  In  Scotland  two  great  types  of  eruption  are 
recognized:  (1)  Plateaus,  where  the  volcanic  materials  from  many 
vents  became  continuous  over  areas  hundreds  of  square  miles  in  extent, 
the  lava  sometimes  having  a  depth  of  1500  feet;  and  (2)  puys,  where 
the  ejections  were  more  local,  and  centered  about  the  vents  which 
discharged  them.^    As  the  result  of  the  erosion  which  has  taken  place, 

*  It  is  not  always  e&sy  to  distinguish  the  I^wer  Carboniferous  from  the  Coal 
Measures  of  Russia,  from  the  literature  wliich  is  available. 

*  Kayser,  Geologische  Format  ionskunde,  p.  196. 

*  Geikie,  Text-book  of  Geology,  Vol.  II;   also  Ancient  Volcanoes  of  Great  Britain. 

*  Geikie.  Text-book  of  Geologv*,  4th  Ed. 
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e  volcanic  rocks  have  given  rise,  in  Scotland,  to  considerable  bell 
ills  and  table-lands.  Some  of  these  volcanic  rocks  were  probabl 
mbmarine  origin,  and  some  of  subaerial  origin.  Igneous  rock 
efly  granite)  dating  from  the  close  of  the  Early  Carboniferou 
also  abundantly  associated  with  the  Lower  Carboniferous  formation 
he  Harz,  Thiiringerwald,  Vosges,  and  other  moimtains  of  centra 
ope. 

rhickness. — The  thickness  of  the  European  Lower  Carboniferou; 
3ry  great,  considering  the  fact  that  it  is  so  largely  of  limestone.  Ii 
land  and  Ireland,  the  limestone  attains  thicknesses  ranging  uf 
!000  feet,  and  perhaps  even  to  2500  feet.  In  the  northern  part  ol 
land  and  in  Scotland,  where  the  beds  are  clastic,  they  have  a  thick- 

which,  at  the  maximum,  is  much  greater.  In  Belgium,  the  lime- 
e  is  also  very  thick.  These  great  thicknesses,  especially  of  lime- 
e,  bespeak  the  great  duration  of  the  Lower  Carboniferous  period. 
)  feet  of  limestone,  accumulating  at  the  rate  at  which  limestone  ii 
30sed  to  accumulate,  would  call  for  at  least  some  himdreds  ol 
isands,  and  perhaps  millions,  of  years.  The  system  also  has  greal 
kness  in  Russia. 

21ose  of  the  Early  Carboniferous  period  in  Europe. — The  close  o 
Early  Carboniferous  period  was  marked,  in  Europe,  by  somewha 
^-spread  crustal  disturbances.  It  was  at  this  time  that  a  grea 
om  of  mountains,  sometimes  referred  to  as  the  Paleozoic  Alps, 
m  its  development.    This  system  of  mountains  crossed  the  centra 

of  Europe,  from  the  islands  on  the  west  to  the  Sudetes  mountains 
orhaps  beyond,  on  the  east.  Their  renmants  are  seen  in  the  VosgeJ 
'k  Forest,  Harz,  Sudetes,  etc.,  mountains  of  the  present  time.  Th 
ilopment  of  the  Ural  mountains  appears  to  have  begun  at  the  sam 
\  Geographic  changes  which  were  not  deformative  were  also  i 
^ress,  shifting  somewhat  the  areas  of  sedimentation.  In  Europ 
ti  America,  therefore,  there  is  a  notable  break  between  the  Lowe 

Upper  Carboniferous.  Unconformity  between  the  two  system 
ported  along  the  eastern  border  of  the  Schiefergebirge  ^  in  Saxon] 
le  eastern  Alps,  in  southern  France,  and  in  Spain.^    These  relationi 

*  Kayser,  Geologische  Format ionskunde. 

*  Kayser,  op.  cit.,  p.  170. 

'  Credner,  Elemente  der  Geologic,  p.  481. 
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t  will  be  recalled,  are  in  harmony  with  the  phenomena  of  North  America 
see  p.  507),  but  the  unconformity  in  Europe  appears  to  be  less  wide- 
pread  than  in  North  America. 

These  unconformities  are  by  no  means  the  only  indication  of  geo- 
3^phic  changes  at  the  close  of  the  Lower  Carboniferous,  for  both 
he  distribution  of  the  Carboniferous  proper  and  the  character  of  its 
ormations  point  to  great  changes.  The  Carboniferous  rocks  are 
)resent  over  considerable  areas  where  the  Lower  Carboniferous  appears 
lever  to  have  been  deposited,  and  they  are  absent  from  areas  where 
he  earlier  system  is  found.  Furthermore,  non-marine  Upper  Car- 
K)niferous  formations  succeed  marine  Lower  Carboniferous,  and  trice 
^ersay  over  great  areas.  The  succession  first  named  obtains  in  western 
Europe,  and  the  second  in  eastern  Europe.  Great  orogcnic  move- 
oents  began  in  western  Europe  at  the  close  of  the  Lower  Carboniferous^ 
nd  continued  into  the  Permian.^  These  changes  set  off  the  Lower 
carboniferous  from  the  Upper. 

Other  Continents. — In  other  continents,  where  geological  work  is 
»s  advanced,  the  Lower  and  Upper  Carboniferous  have  not  always 
>een  carefully  separated.  The  Lower  Carboniferous  system  appears 
0  be  somewhat  widely  distributed  in  North  Africa,  and  to  be  present 
D  the  southern  part  of  the  continent.^  Lower  Carboniferous  formations 
lave  been  reported  in  Asia  Minor,  Persia,  in  the  Kirghiz  steppes  in 
Jentral  Asia,  in  North  China  and  elsewhere.  Their  faunas  are  of 
European  types,  and  the  system  sometimes  carries  coal. 

In  Australia  (Queensland  and  Victoria)  and  New  Zealand,  the 
x)wer  Carboniferous  consists  of  marine  sedimentary  beds  which  are 
ften  much  disturbed  and  metamorphosed,  and  associated  with  more 
T  less  igneous  rock.  In  western  Australia  the  Lower  Carboniferous 
ormations  (1000  to  1300  feet)  contain  gypsum  and  salt. 

In  South  America  the  Lower  Carboniferous  is  represented  in  south- 
western Argentina  by  sandstone  wliich  contains  some  coal,  and  in 
Jhili.  In  other  parts  of  the  continent  it  has  not  generally  been  sepa- 
ated  from  the  Upper  Carboniferous. 

*  Ka\'ser,  op.  cit.,  pp.  174-5. 

'Geikie,  Text-book  of  GeoL,  Vol.  II,  4th  ed.,  p.  1056. 
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)io6t  of  the  data  at  hand  indicate  that  the  dimate  of  the  Lowei 
xmiferous  was  esBrntiaDy  unifoim.  and  on  the  whole  both  genia 
iiKitst.  The  foaal  plants  and  corals  of  so  northerly  a  land  as  Spiti 
jen^  and  the  relaticms  of  the  fosak  of  arctic  regicos  to  those  ol 
T  latitudes,  seem  clearly  to  indicate  that  climatic  conditions  were 
atiaUy  uniform  in  regions  where  they  are  now  very  di\-erse. 
rhe  data  wiiich  seem  to  be  in  discord  with  the  conclusion  that 
climate  of  the  period  was  genial,  nK)ist,  and  measurably  unifom 
(l)  the  salt  and  g^-psum  deposits  of  the  Atississippian  series  io 
tana,  Michigan  and  No\'a  Scotia,  and  the  similar  deposits  in 
em  Australia,  all  of  wiiich  suggest  aridity,  and  (2)  certain  con- 
lerate  formations  (the  Culm)  of  western  Europe.^  The  latter 
-;  been  thought  to  suggest  glaciation,  but  the  e\'idence  does  not 
1  to  warrant  this  concluaon.  The  testimony  of  the  marine  fos- 
continues  to  indicate  rather  uniform  and  genial  conditions.  This 
ect  will  be  touched  on  again,  in  the  more  general  discussion  whicl 
ws. 

HE  LIFE  OF  THE  MISSISSIPPIAN  (SUBCARBONIFEROUS). 

I.  The  Marine  Faunas. 

Tust  as  there  was  no  profound  break  in  the  stratigraphic  progres 
tie  American  continent  at  the  close  of  the  Devonian,  so  there  wa 
adical  break  in  the  succession  of  life.  The  Devonian  faima  passes 
gradation  into  the  Mississippian.  It  will  be  recalled  that  the  lif 
Dry  of  the  Devonian  in  North  America  consisted  of  a  series  of  grea 
-sions  from  different  quarters,  and  that  the  invaders  and  the  invade 
^lod  with  one  another  until  at  the  close  there  was  a  notable  approac 
single  continental  fauna.  This  change,  however,  was  not  complete 
life  of  the  Great  Basin  was  still  largely  isolated,  and  there  wei 
^ndoncies  of  the  main  fauna  that  still  retained  provincial  feature 
Juring  the  opening  stages  of  the  Mississippian  period  there  w£ 
)ntinuation  of  the  movement  from  provincialism  toward  cosm( 

Kulkowsky ,  Ueber  Geroll-Thonschiefer  glacialen  Urepnmgs  im  Kulm  des  Frankei 
CH.     Zeitschr.  der  deutschen  geologischen  Gesellschaft,  1893,  pp.  69-S6. 
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politanism.  The  fauna  of  the  first  epoch  m  the  interior  basin,  the 
Kinderhook,  belongs  to  the  provincial  rather  than  to  the  cosmopolitan 
class;  for  east  of  the  Cincinnati  arch  there  was  a  rather  distinct  fauna, 
the  Waverly,  and  in  the  Great  Basin  a  fauna  that  was  largely  Devonian 
in  type  still  lingered  in  measured  isolation,  taking  on  slowly  a  Mississip- 
pian  aspect.  The  Kinderhook  fauna  proper  was  merely  the  leading 
fauna  of  the  interior,  occupying  the  great  Mississippian  sea,  and  vary- 
ing from  region  to  region  in  response  to  the  different  physical  condi- 
tions already  mentioned. 

The  Kinderhook  Fauna. 

One  of  the  more  important  features  of  the  evolution  of  the  Kinder- 
hook fauna  was  the  progress  of  the  fishes,  in  which  sharks  were  the 
leaders;  but  it  will  be  more  satisfactory  to  treat  the  fishes  of  the  whole 
period  together  after  the  less  roving  invertebrate  faunas  of  the  several 
epochs  are  considered. 

The  resilience  of  the  crinoideans. — ^The  departure  of  the  Kinder- 
hook fauna  from  the  parent  Devonian  fauna  is  shown  markedly  in 
the  evolution  of  the  crinoids,  although,  except  locally,  fossils  of  these 
animals  are  of  rare  occurrence.  They  had  a  very  scant  development 
usually  throughout  the  Devonian,  and  were,  in  general,  quite  subordinate 
to  the  corals;  but  in  the  Mississippian  period  the  relative  importance 
of  these  groups  was  reversed.  The  crinoids  not  only  forged  ahead  in 
numbers,  but  they  took  on  advanced  characters.  The  banning  of 
this  deplojTnent  took  place  in  the  Kinderhook,  and  it  reached  its 
climax  m  the  next  epoch,  the  Osage,  where  it  \\ill  be  more  fully 
noticed.  Representative  forms  are  showTi  in  Fig.  235,  e  and  /.  Several 
genera  of  blastoids  were  present,  all  different  from  those  of  the  Devo- 
nian faunas,  but  they  were  not  as  yet  abundant,  a  fact  the  more 
notable  because  of  their  remarkable  development  before  the  close  of 
the  Mississippian  period.  The  echinoids  and  asteroids  were  still  less 
abundant,  a  fact  in  harmony  with  their  very  modest  development 
throughout  the  whole  Paleozoic  era. 

Transition  in  the  aspect  of  the  brachiopods. — ^The  brachiopods  of 
the  Kinderhook  fauna  possess  characteristics  transitional  between 
those  of  Devonian  and  Mississippian  tyi>es.  Among  them,  the  genus 
Productus  was  conspicuous  (Fig.  235,  o).  The  Kinderhook  species 
may  be  said  to  be  anticipatory  of  the  typical  Mississippian  types, 


235. — The  Kikderhook  (Ixjwer  Mississippianl  Fauxa,  Gastropoda:  a.  Pot' 
Uia  nodosa  Hall,  a  shell  coiled  nearly  S3fmmetrically  in  a  piano;  h,  Straparolhu 
tiisuK  Hall,  a  low  spiral  ehell;  c,  ilacrocheilug  hlairi  (M.  and  G.).  a  shell  with 
moderately  elevated  spire;  d,  Ptatyontoma  broadheadi  S,  A,  M..  one  of  the  capuM 
iclls;  all  four  of  these  genera  are  present  in  the  Devonian.  Crinaideo:  c,  Artino- 
in'ts  senecliis  M.  and  G.,  a  camerate  criroid  belonging  to  the  family  Actinofriiiida, 
I  the  members  of  which  are  peculiarly  MisEissippian;  /,  IXrIiocrinus  inomatai 
'.  and  Sp.,  one  of  the  earliest  erinoids  with  only  two  l>a^l  plates.  No  such 
pe  of  cnnoid  base  in  known  anyivhere  earlier  than  the  Missi.'isippian.  With  the 
e\'Onian,  erinoids  with  four  basal  plates  disappeared,  and  in  the  Mississippian, 
ily  those  will  1  two  and  tliree  basalsare  present.  Coral.-':  g,  Lcptn-ixira  pbicenla 
Vhite),  a  peculiar  compound  coral  whose  relationships  are  not  well  tmderstood. 
■ilobilc:  h,  Prmtiin  clliplU-iixyi.  and  W.  Trilohites  are  rare  in  the  Kitiderhook 
id  the  one  here  illustrated  is  a  good  example  of  their  lack  of  ornamentation. 
iphalojioda:  i,  iluenglenireras  nuieni  (Halli,  one  of  the  abundant  species  in  the 
mous  Kinderliook  gonial  it  e  lied  at  Kockford,  Ind.;  i,  Prodminile.^  gnrh'ii  (S.  A.  M.V 
lis  genus  has  a  wide  geographic  dUtribut ion  in  the  Kinderhook,  and  is  the  earliest 
rm  to  show  secondary  lobing  of  llie  sutures.  Erarliiopoda:  k,  Spiriftr  hipliralii' 
all.  a  member  of  the  genus  retaining  a  greatly  elongate  hinge-Une,  a  character 
iiich  was  pronounced  anions  I')e\'Onian  niemliers  of  the  genus,  but  not  anions 
ississippian  species;  /,  Sjnrilrr  iiinrionenxis  Shum.,  a  species  related  to  such 
lecies  as  5.  disju-m-.tiii'  of  the  Devonian  <see  Fig.  212.  p.  4701  in  its  plicated  fold 
id  sinus,  but  it  shows  an  advance  in  the  bifurcating  plicalions  upon   the  sides 

llie  sliell;  m,  Cf/Ttinit  anitirostrifi  (Shum.),  a  species  of  a  Devonian  genus,  no 
cniliers  of  which  persist  beyond  the  lower  Mississippian;  n,  Prodiirtflla  jnjndata 
all.  a  representative  of  a  genus  which  had  its  great  aexelopment  in  the  later  Dc- 
inian,  only  a  few  forms  being  present  in  the  Mississippian;  o.  Productus  arcualw 
all;  the  genus  Prnductu^  is  an  outgrowth  from  the  earlier  Produclella,  and  is 
iculiarly  cliaraeteristio  of  the  Missis-sippian.  Carboniferous,  and  Permian  faunas; 

ParapharhiinrkuK  strialnconUituit  (St.  and  W.V  A  striated  rhynchonelloid  shell 
laracteristic  of  the  lower  Kinderhook  bori/ons  of  Iowa,  northern  Missouri  and 
[Continued  on  boaoniol  p.  Stl,\ 
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but  at  the  same  time  they  retained  many  Devonian  features.  Not  a 
few  Devonian  species  may  be  named  as  the  probable  direct  ancestors 
of  Kinderhook  species,  as,  for  example,  Cyrtina  hamiUonensiSy  as  the 
parent  of  C.  acutirostris  (Fig.  235,  m);  Spirifer  disjunctv^,  of  S,  mari- 
onensis  (Fig.  235,  t);  Athyris  spiriferoides,  of  A,  hannibalensis.  A  few 
sj)ecies  believed  to  be  identical  with  Devonian  forms  were  also  present; 
indeed  the  Devonian  resemblances  (see  Fig.  235,  k)  are  so  strong  that 
the  earlier  paleontologists  referred  the  Kinderhook  to  the  Devonian, 
classing  it  with  the  Chemung. 

Other  features. — ^The  molluscan  contingent  was  prominent  in  the 
Kinderhook  faunas.  The  pclecypods  alone  have  a  larger  number  of 
species  than  either  the  echinoderms  or  brachiopods.  They  are  especi- 
ally abundant  in  some  of  the  arenaceous  beds  (Fig.  235,  g,  r,  and  s). 
Among  them  are  species  indistinguishable  from  those  of  the  Waver ly 
fauna  that  inhabited  the  gulf  east  of  the  Cincinnati  island.  The  gas- 
tropods were  less  abundant,  but  among  them  the  capulids,  a  group 
that  was  conspicuous  among  the  gastropods  of  most  Devonian  epochs 
were  the  most  common  (Fig.  235,  a,  6,  c,  and  d).  The  chief  repre- 
sentatives of  the  cephalopods  were  the  goniatites  (Fig.  235,  i  and  /), 
and  although  they  are  generally  rare,  they  show,  m  the  genus  Prodro- 
mites,  a  notable  advance  over  any  of  their  known  Devonian  ancestors, 
in  the  more  highly  complicated  lobing  of  the  suture.  Trilobites  were 
few  and  small  (Fig.  235,  h).  Their  high  stage  of  ornamentation  had 
passed,  the  day  of  their  final  disappearance  was  drawing  near,  and 
they  assumed  a  sober  and  subdued  aspect.  The  corals  (Fig.  235,  g), 
though  less  abundant  than  in  the  preceding  epochs,  were  represented 
by  a  considerable  number  of  forms,  among  which  the  cup-shaped  type 
was  most  common. 

Though  without  striking  characteristics,  the  fauna  represented 
a  notable  stage  in  the  evolution  of  distinctive  Mississippian  features. 
It  was  essentially  indigenous,  and  may  be  regarded  as  a  transition 
stage  from  the  late  Devonian  to  the  typical  Mississippian  fauna  repre- 
sented in  the  following  epochs. 


northern  Illinois.  Pelenfpoda:  q,  Mocrodon  missouriensis  (M.and  G);  and  r,Crnm- 
rtiffsia  hannibalensvi  (Shum.\  both  of  which  have  close  Devonian  relationships; 
Af.  Pemopecten  cooperensis  (Shum),  a  species  very  characteristic  of  certain  of  the 
higher  horizons  in  the  Kinderhook.  Vertehraia:  t,  Tooth  of  Cladodtis  springeri 
St.  J.  and  W.;  and  u,  Tooth  of  Pristicladodus  springeri,  St.  J.  and  W.,  the  sharp 
cutting  teeth  of  sharks;  r,  spine  of  Aamdylacanthus  gracilis  St.  J.  and  W. 
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The  Osage  Fauna. 

?he  physical  conditions  of  the  Osage  epoch  present  the  key  t 
character  of  its  fauna.  Its  extended  shallow  sea,  relatively  fre 
I  silt,  afforded  a  rich  and  expansive  field  for  the  climacteric  eve 
in  of  the  varied  assemblage  of  forms  that  had  come  together  ii 
preceding  epochs  under  less  favorable  conditions.  There  is  e\i 
e  also  of  rather  free  migratory  communication  with  the  Eurasiai 
inent  by  one  of  the  northerly  routes,  since  many  species,  or  closel; 
d  species,  were  common  to  the  faunas  of  America  and  Europe 
veen  an  expanding  field  for  home  development,  and  fair  facilitie 
mmigration  and  emigration,  the  conditions  were  ripe  for  notabl 
ution.    In  the  mam  it  was  an  indigenous  evolution,  but  the  migra 

factor  gave  it  a  pronounced  cosmopolitan  aspect. 

rhe  climax  of  the  crinoids. — No  single  group  so  well  characterize 

fauna  and  expresses  its  dependence  on  physical  conditions  as  th 

Dids,  whose  abundance  and  diversity  were  pronounced  (Fig.  23( 

The  great  order  of  camerate  or   "box"  crinoids   {CameraU 

reached  the  climax  of  its  career.  This  was  the  second  clima 
le  career  of  these  crinoids,  and  perhaps  the  greatest.  Their  cun 
own  in  Fig.  237,  in  which  the  curve  of  the  camerate  genera  is  supe 
d  on  the  composite  genera  cur\'e,  to  show  the  special  evolution  < 
camerates.  The  rapid  decline  of  the  crinoids,  almost  to  extinctioi 
?  this  climax,  as  shown  by  the  curve  at  the  right,  is  one  of  the  mo 
irkable  incidents  in  the  life  Iiistory  of  the  invertebrates,  an 
lew  of  their  interesting  and  beautiful  forms,  one  to  be  regrette 

in  the  day  of  their  glory  their  fecundity  was  remarkable,  i 
;ested  by  the  fact  that  a  single  genus  {Batocrinus)  deployed  in 
3  than  a  hundred  species  (Fig.  236,  d).  Certain  genera,  especial 
ycrinus  (Fig.  236,  /  and  g),  Aciinocrinus,  and  DorycrinuSy  we 
nguished   for  their  curiously  diversified  and  ornamented  forn 

ornamentation  of  the  crinoids  at  this  time  reached  some  s\n 
irkable  degree  as  was  attained  by  the  trilobites  just  previous 
r  final  decadence,  and  seems  to  have  much  the  same  suggestivene 
D  the  relations  of  climax,  ornamentation,  and  downfall,  a  relatio 
that  singularly  enough  obtains  in  human  history.  Wheth 
decline  and  downfall  in  the  two  cases  were  from  similar  or  differei 
les  we  cannot  here  inquire.     The  ornamentation  of  the  crinoit 
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is  observable  in  all  of  the  more  prominent  families,  and  seems  to  be 
a  clear  case  of  parallel  evolution.  The  ornamentation  was  effected  by 
the  development  of  surface  ridgings,  nodes,  spines,  and  other  out- 
growths from  the  plates.^  It  is  even  possible  to  recognize  a  distinct 
advance  in  the  ornamentation  during  the  progress  of  the  epoch.  In 
the  earlier  (Burlington)  stage  the  crinoids  were  usually  smaller  and 
more  delicately  ornamented  than  in  the  later  (Keokuk)  stage,  when 
they  attained  larger  sizes,  assumed  broader  features,  and  took  on 
more  extravagant  ornamentation.  The  meaning  of  all  this  is  not 
clear,  but  the  repetition  of  this  singular  phenomenon  at  different  times, 
and  in  quite  different  groups  of  organisms,  is  worthy  of  notice  and 
thought. 

The  crinoids  made  large  contributions  to  the  limestones,  the  char- 
acteristic deposit  of  the  epoch,  the  *'encrinital  limestone "  taking  its 
name  from  the  numerous  plates  and  stems  which  make  up  much  of 
its  substance. 

The  distant  kin  of  the  crinoids  were  not  equally  affected  by  the 
conditions  of  the  epoch,  although  the  blastoids  were  represented  by 
a  greater  variety  of  forms  than  at  any  other  period  in  their  history. 
The  starfishes,  though  present,  did  not  appreciably  depart  from  the 
slow  development  that  had  been  their  habit  for  ages,  and  much  the 
same  is  to  be  said  of  the  brittle  stars  that  were  even  less  common. 
The  echinoids  showed  a  slightly  greater  movement,  and  left  a  record 
of  about  a  score  of  species. 

The  scantiness  of  the  corals. — It  is  a  matter  of  surprise  that  the 
corals  had  so  small  a  place  in  this  fauna,  in  view  of  the  general  physical 
conditions  which  were  apparently  favorable,  though  there  may  have 
been  depths  or  temperatures  uncongenial  to  them  (Fig.  236,  u). 
Crinoids  are  less  narrowly  circumscribed  in  these  respects  than  corals. 
It  is  more  likely,  however,  that  the  explanation  lies  in  organic  con- 
ditions, perhaps  in  the  state  of  the  corals  themselves,  perhaps  in  unre- 
corded enemies,  parasitic  or  otherwise,  or  perhaps  in  the  pre-occupation 
and  rivalry  of  the  crinoids. 

Other  features. — The  brachiopods,  as  usual,  held  a  leading  place 

» Admirable  illustrations  may  be  found  in  the  Monograph  of  Wachsmuth  and 
Springer  on  "North  American  Crinoidea  Camerata,"  Mem.  Mus.  Comp.  ZooL,  Vols. 
20-21,  and  also  in  the  state  reports  of  Iowa,  Illinois,  and  Ohio,  especially  Geol.  Sur\'. 
LI.  Vol.  5. 
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in  the  fauna,  and  some  of  their  species  had  a  wide  geographic  range, 
extending  to  the  eastern  continents.  Some  of  the  typical  forms 
are  illustrated  in  Fig.  236,  l-t.  The  molluscan  factor  was  subordinate. 
A  few  winged  pelecypods,  a  few  capuUd  gastropods,  an  occasional 
pteropod,  and  an  even  rarer  cephalopod,  make  up  the  poor  repre- 
sentation of  this  class.  The  low  estate  of  the  cephalopods,  so  promi- 
nent earlier,  and  to  be  so  again  later,  is  very  notable.  They  were 
represented  chiefly  by  the  Nautilus  family. 

There  were  a  few  lingering  trilobites  and  some  other  crustaceans, 
a  quite  ample  growth  of  bryozoans  of  much  interest,  some  supix)scd 
sponges  (Fig.  236,  v  and  xv),  and  doubtless  the  less  easily  fossilized 


Explanation  op  Fig.  236. — Crirwidea:  a,  Barycrinus  hoveyi  Hall,  one  of  the 
fistulate,  inadunate  crinoids,  note  the  persistence  of  the  uniserial  ann  struc- 
ture; 6,  Dorycrinus  invi8ourieTu<is  (Shum.),  a  camerate  crinoid  of  the  family 
Batocrinida';  note  the  peculiar  development  of  the  basal  plates  and  the 
spinose  palates  of  the  vault;  c,  Forbesiocnnus  wortheni  Hall,  one  of  the  flexi- 
ble crinoids;  d,  Lobocrinus  lorujirostris ,  (Hall),  one  of  the  Batocrinidaj,  showing 
the  extravagant  development  of  the  anal  tube;  the  arms  are  removed;  e,  Sijn- 
bathacrinus  wortheni  Hall,  one  of  the  lar\iform  inadunate  crinoids;  note  the  small 
cup  and  the  simple,  imiserial  anns;  /,  PlcUycrinus  verrucosus  White,  and  g,  Platy- 
crinus  gorbi/i  S.  A.  M. ;  PlcUycrinus  is  one  of  the  conspicuous  Osage  genera;  these 
two  fij^res  show  different  types  of  ornamentation;  h,  ActituKrinus  h^atu^  Hall;  note 
the  high  degree  of  ornamentation  of  the  plates;  a,  Eretnwcrinus  remibrachiatus 
(Hall),  a  representative  of  a  genus  of  the  liatocrinida  characterized  by  the  peculiar 
spatulate  arms.  BlmUndea:  j,  Orophocrinus  stclliforrtii^  (O.  and  S.),  one  of  the 
lower  Osage  blastoids.  Echinoidea:  k,  Oligoporus  inutatus  Keyes.  All  of  tlie 
Palivechinrndea  to  which  sub-class  all  Mississippian  and  Carboniferous  sea  urchins 
l)elong,  have  more  than  two  rows  of  plates  in  each  ambulacral  and  interambulacral 
area.  Brachiopoda:  I,  Sifringothyris  subcuspidatus  (Hall);  the  genus  of  which 
this  is  a  representative  is  an  offshoot  from  Spirifer,  characteristic  of  the  Mississippian 
faunas;  it  is  characterized  by  its  high  area,  punctata  shell  structure,  and  a  pecu- 
liar tube  between  the  dental  plates;  m,  Spirifer  logani  Hall,  the  American  repre- 
sentative of  the  Spirifer  stricUus  of  the  European  Mountain  Limestone  fauna; 
note  the  large  size,  the  completely  plicated  shell,  with  the  plications  bifurcating 
on  both  the  fold  and  on  the  sides  of  the  shell.  The  surface  is  marked  by  very 
fine  stria?  not  shown  in  the  figure;  n,  Spirifer  suborbinilarisi  Hall,  another  type 
of  spirifer,  closely  allied  species  of  which  occur  in  America  and  Europe;  o,  Rettc- 
ularia  pseudoUneata  (Hall),  one  of  the  spire-bearing  brachiopods  having  a  closely 
allied  species  in  the  European  Mountain  Limestone  fauna;  p,  Athyris  lamellosa 
L'Eveille,  a  species  which  occurs  both  in  America  and  in  Europe;  j.  Productus 
burlingtoneruns  Hall,  one  of  the  species  of  this  peculiarly  Mississippian,  Car- 
boniferous and  Permian  genus,  w-hich  occurs  abunaantly  in  the  lower  Osage;  r, 
LepUena  rhombcidalis  Wilck,  a  species  which  has  persisted  from  Ordovician  times,  and 
which  appears  for  the  last  time  in  the  Osage  fauna;  »,  RhijjddomeUa  burlingtoneruns 
(Hall),  and  t,  Schizophoria  stcallovi  Hall,  two  species  which  are  among  the  last 
representatives  of  the  orthids,  a  family  whose  rreat  development  was  in  the  Ordo- 
vician; both  species  have  near  relatives  in  the  European  Mountain  Limestone 
faunas.  Coral:  w,  Za^rentis  centralis  E.  and  H.,  the  most  characteristic  coral 
of  the  Osaee  faunas.  Sponge:  i»-m7,  PaUeacis  chtusum  M.  and  W.  The  exact  nature 
of  this  fosfioi  is  not  well  understood.  It  is  usually  placed  with  the  sponges,  although 
by  some  it  is  included  with  the  corals.     (Weller.) 
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necessary   to   make   up   a  self-sustaining  assemblage.    Then 
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237. — The  two  upper  curvei  in  this  diagram,  shown  in  the  Paleozoic  period 
jd  their  coDtinuation  in  the  Meaozoic,  constitute  the  evolution  cun-e  of  the  enti 
asB,  Crinoidea.  The  two  lower  cun'ea  in  the  Paleozoic  periods  represent  tl 
'olution  curve  of  the  order  Cameruto  of  the  class  Crinoidea,  the  order  becomii 
ctinct  just  before  the  close  of  the  Paleozoic.  The  discontinuity  of  the  lines  acM 
le  Permian  column,  P,  represents  the  imperfection  of  our  knowledge  of  the  Permii 
,unas,  and  not  that  the  crinoids  became  extinct  in  the  Pennsylvanian,  C,  to  res 
!ar  in  the  Trias.  In  all  the  cun-es.  the  dotted  line  represents  the  number 
>w  genera  initiated,  and  the  full  line  the  total  number  of  genera  present,  t 
[(Terence  between  the  two  representing  the  number  of  genera  which  passed  o\ 
om  the  preceding  period.  The  data  for  the  curves  have  been  compiled  from  t 
jblications  of  Wacbsmuth  and  Springer. 

beyond  doubt  an  ample  marine  flora,  but  it  made  only  a  feeb 
ure  record. 

The  Waverly  Fauna. 

>)ntemporaneous  with  the  evolution  of  life  in  the  successive  Kindt 
:  and  Osage  seas,  there  was  a  rather  more  provincial  developmr 
le  gulf  east  of  the  Cincinnati  axis.  There  was  no  definite  barr 
reen  the  gulf  and  the  sea  on  the  west,  but,  owing  partly  to  t 
ial  separation  and  more  perhaps  to  the  physical  conditions,  t 
a  in  the  Waverly  gulf  was  sufficiently  distinct  to  warrant  sepan 
^nition. 

The  '\\'averly  fauna  was  characterized  negatively  by  the  rari 
oth  corals  and  crinoids,  the  apparent  reason  being  their  deper 
:o  on  clear  seas.  To  this  there  was  one  notable  exception.  . 
ifield,  Ohio,  there  flourished  a  crinoid  field  occupied  by  the  spec! 
sveral  genera.  These  genera  were  also  represented  in  the  Osa 
to  the  west,  but  the  species  there  were  wholly  different.     Apf 
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ently  a  colony  of  their  common  ancestors  had  established  itself  at 
his  locality,  perhaps  in  late  Devonian  times,  and,  finding  it  free  from 
he  hostile  conditions  prevalent  in  the  region,  flourished  in  isolation 
or  a  period  sufficiently  long  to  differentiate  species  of  its  own,  after 
vhich  it  died  out. 

As  might  be  anticipated  from  the  silty  conditions,  the  pelecypods 
vere  the  most  prominent  feature  of  the  faima.  Many  of  them  were 
)f  the  same  species  as  the  previous  occupants  of  the  region  in  the  closing 
Devonian  times,  showing  again  the  close  relations  of  the  two  periods, 
rhe  other  mollusks  were  relatively  less  abundant.  Brachiopods 
vere  numerous  and  resembled  those  of  the  contemporaneous  Kinder- 
look  and  Osage  faunas;  but  they  were,  on  the  whole,  rather  less  differ- 
entiated from  the  ancestral  Devonian  forms,  doubtless  because  the 
change  in  their  environment  had  been  less  notable.  The  other  forms 
vere  not  very  different  from  those  of  the  more  open  sea  to  the 
westward. 

The  Waverly  faima  was  the  direct  descendant  of  the  Devonian 
aimas  that  had  occupied  the  same  ground  and  had  changed  but 
ilowly,  as  the  environment  remained  nearly  constant.  It  was  modified 
)y  some  immigration  of  the  Kinderhook  and  Osage  types,  and  this, 
rombined  with  its  own  conservative  progress,  caused  it  to  take  on 
^adually  a  Mississippian  aspect,  while  it  retained  many  Devonian 
jharacteristics.  It  is  a  good  illustration  of  a  lingering  fauna  where 
he  conditions  are  conservative,  though  not  so  good  an  illustration 
IS  the  next  faima. 

The  Great  Basin  Fauna. 

It  will  be  recalled  that  in  Devonian  times  the  Great  Basin  was  a 
^ro^^nce  by  itself,  in  which  a  slow  faimal  development  of  pro^dncial 
aspect,  only  slightly  modified  by  foreign  contributions,  took  place. 
^t  the  horizon  rather  arbitrarily  fixed  upon  as  the  upper  limit  of  the 
Devonian  sj^tem,  there  appears  to  have  been  no  faunal  break.  It  is 
accessary  to  speak  with  some  reservation,  for  the  region  has  not  5Tt 
l)een  thoroughly  worked,  paleontologically.  The  transition  to  the 
Mississippian  facies  seems  to  have  taken  place  very  gradually,  through 
the  progressive  evolution  of  some  forms,  the  elimination  of  others, 
and  the  immigration  of  a  few  from  westerly  sources,  but,  until  after 
the  Osage  epoch,  rarely  from  easterly  sources,  so  far  as  now  knowTi. 
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\  distinctive  phase  of  the  Great  Basin  fauna  was  contemporaneo 
I  the  Kinderhook  and  Osage  faunas  of  the  interior  sea,  and  at  tl 
i  of  the  Osage  epoch  it  united  with  the  latter  to  form  the  Genevie^ 
Louis-Kaskaskian)  fauna. 

devious  to  this  union,  one  of  the  most  salient  distinctions  betwe^ 
Great  Basin  fauna  and  the  Osage  fauna  was  the  rarity  of  crinoii 
he  former.    Although   the  Osage  sea  stretched  westward  to  tl 

of  the  ancestral  Rocky  Mountains,  and  was  prolific  in  crinoic 
'  do  not  seem  to  have  invaded  the  Great  Basin  sea,  one  of  t' 
3  which  point  to  the  distinctness  of  the  two  provinces.  Brachi 
5  were  abundant  in  both  provinces,  but  the  species  were  differei 
large  spirifers  of  the  type  of  Spirifer  siriatus  (compare  Fig.  236,  r) 
haracteristic  of  the  Osage  faima  and  of  the  "mountain  limestoD 
Mrope,  as  well  as  other  typical  forms,  were  absent.  On  the  otl 
i,  there  had  arisen,  under  the  genus  ProductuSy  probably  by  p 

evolution,  species  closely  allied  to  some  found  in  the  Osage  faui 
lying  that  the  Great  Basin  fauna  was  taking  part,  in  a  consen 

way,  in  the  Mississippian  progress.  Were  it  not  for  such  fori 
»Iississippian  aspect,  and  the  evidence  that  developed  when  1 

faunas  conmiingled,  the  Great  Basin  fauna  might  be  thouj 
€  Devonian,  for  there  remained  many  species  of  marked  Devoni 
:ct.     Among  these  was  Leiorhynchus  quadricostatuSj  known  at  1 

only  in  Hamilton  beds,  but  in  the  Great  Basin  found  to  commin 
he  upper  horizons  with  Mississippian  types.    Productella,  a  De 

type,  was  still  living  in  the  Great  Basin,  although  it  had  dis; 
ed  from  the  interior  after  the  Kinderhook  epoch   (Fig.  235, 
lerous  other  species  of  Devonian  aspect  were  associated  with  for 
[ississippian  aspect. 

fudging  from  present  knowledge,  the  pelecypods  were  even  m 
idant  than  the  brachiopods,  another  point  of  contrast  with 
je  fauna.  The  pelecypod  species  seem  to  have  been  peculiar 
Great  Basin  sea,  and  doubtless  originated  there,  and  later  beca 
net  without  migration.  There  were  also  many  gastropods,  am( 
;h  were  air-breathers  (Physa  prisca  and  Zaptychius  carbonari 
oldest  aquatic  pulmonates  known.  Terrestrial  pulmonates,  th 
'.ally  evolved  from  aquatic  pulmonates,  have,  however,  been 
)ed  from  Devonian  strata.  Cephalopods  were  not  abimdant,  i 
;oniatites  have  thus  far  been  found  among  them.    Trilobites  w 


THE  MISSISSIPPIAN  PERIOD.  529 

about  as  rare  as  in  the  eastern  fauna,  and  of  the  same  genera.  Corals 
were  present  m  some  abundance,  the  horn-shaped  type  predominating. 
No  bryozoans  have  been  reported,  nor  have  any  fishes  been  described. 
Unless  this  be  due  to  the  imperfection  of  the  record,  or  of  present 
investigation,  it  adds  much  to  the  evidence  of  the  distinctness  of  the 
province,  for  fish  abounded  in  the  eastern  sea,  and  they  are  free-moving 
forms  of  migratory  habits. 

As  remarked  in  the  physical  discussion,  the  barrier  which  enforced 
the  distinctness  of  the  Great  Basin  and  the  Kinderhook-Osage  seas 
appears  to  have  been  an  elongated  insular  tract  lying  about  where 
the  Rocky  Mountains  (not  then  elevated)  now  stand.  The  yielding  of 
this  barrier  about  the  close  of  the  Osage  epoch,  by  erosion  or  sub- 
mergence, permitted  this  singular  semi-Devonian,  semi-Mississippian 
fauna  to  invade  the  greater  eastern  sea,  and,  commingling  and  com- 
bating with  the  Osage  fauna,  to  initiate  a  new  faima,  the  (Jenevieve, 
the  closing  faima  of  the  Mississippian  period  in  the  interior.  It 
flourished  while  the  St.  Louis  and  Kaskaskia  formations  were  being 
deposited. 

The  Genevieve  {St,  Louis-Kaskaskia)  Fauna, 

As  remarked  in  the  physical  discussion,  the  St.  Louis  formation 
marks  the  stage  of  maximum  sea-extension  in  the  interior  of  North 
America,  and  the  Kaskaskia  deposits  the  inauguration  of  a  restrictive 
movement.  The  Genevieve  fauna,  representing  the  two  stages,  may 
be  regarded  as  the  culmination  of  the  cosmopolitan  evolution  of  the 
Mississippian  life  on  the  North  American  continent,  and  the  initia- 
tion of  its  decline.  The  commingling  of  the  Great  Basm  and  the 
Osage  faunas  was  the  most  declared  feature.  It  introduced  into  the 
main  Mississippian  sea  what  seemed  to  be  a  retrograde  feature,  although 
it  was  a  part  of  the  progressive  movement  toward  a  more  cosmopolitan 
fauna.  Species  of  a  Devonian  aspect  that  had  lived  along  conserva- 
tively in  the  isolated  Great  Basin  province,  migrated  eastward,  and 
were  found  among  species  whose  evolution  had  reached  an  advanced 
Mississippian  phase.  The  faunal  average  seemed  to  be  set  backwards. 
Among  these  were  several  productellas,  and  Leiorhynchus  quadricostatus, 
previously  mentioned  as  lingering  Devonian  forms  in  the  Great  Basin 
fauna.    That  these  really  came  from  the  west  seems  to  be  confirmed 
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he  presence  with  them,  as  far  east  as  Arkansas,  of  Rhynchonelk 
:ensis,  a  peculiar  and  distinctive  Nevada  species.^ 
lie  decline  of  the  crinoids. — ^Either  the  invaders,  or  else  changes 
le  physical  or  organic  conditions,  influenced  adversely  the  crinoids, 
although  they  still  formed  a  large  factor  in  the  assemblage,  they 
fallen  off   much  from  their  abundance  in  the  Osage  fauna,  and 
undergone  notable   changes  of  form  (Fig.  238,  a-c).    Less  than 
pecies  of  camerate  crinoids  are  known  in  the  entire  Grenevieve 
a,  as  compared  with  upwards  of  300  in  the  Osage.    Among  these 
)sage  species  persisted,  and  in  the  faimas  yoimger  than  those  of 
St.  Louis  limestone,  not  even  an  Osage  genus.     The  inadunat^ 
flexible  crinoids,  however,  did  not  show  so  remarkable  a  decline. 
>ng  the  crinoids  some  new  and  curious  forms  were  developed, 
ig  which  may  be  mentioned  Agassizocrinus  (Fig.  238,  a),  Ptero- 
nus  (Fig.  238,  c),  and  Acrocrinus  (Fig.  238,  6). 
lie  culmination  of  the  blastoids. — ^The  blastoids  had  their  climax 
so  far  as  numbers  of  individuals  are  concerned,  although  there 
much  greater  generic  diversity  in  the  Osage  faimas.    The  leading 
s,  Pentremites  (Fig.  238,  d),  was  so  prolific  in  individuals  in  some 
as  to  give  rise  to  the  name  Pentremital  limestone.    A  swift  decline 
ls  to  have  followed  this  sudden  climax,  and  the  beautiful  forms 
speared  for  reasons  quite  unknown. 

'he  last  of  the  known  cystids,  a  species  of  the  peculiar,  horizon- 
flattened,  disk-like  Agelacrinidce,  a  family  which  had  persisted 
the  Ordovician  period,  was  a  member  of  this  fauna, 
^chinoids  were  present,  among  them  an  ample  rotund  form  sug- 
vely  named  Melonites,  and  resembling  the  Oligoponis  (Fig.  236,  k) 
he   Osage   epoch.    Although   the   echinoids  had   appeared  much 
er,  it  was  in  the  Osage  and  Genevieve  faunas  that  they  for  the 
time  showed  signs  of  the  prominent  development  they  were  to 
n  later. 

'artial  recovery  of  the  corals. — The  corals  seem  to  have  profited 
he  decline  of  their  rivals,  the  crinoids,  or  by  other  conditions,  for 
were  more  numerous  than  in  the  Osage  fauna.  A  compound 
I,  growing  to  great  size,  Lithostrotion  canadense,  became  con- 
lous  in  the  St.  Louis  limestone  at  some  localities.  Aside  from 
however,  the  simple  horn-shaped  forms  remained  the  most  common. 

'  Williams:   Am.  Jour.  Sci.,  Vol.  XLIX,  p.  94. 
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New  devices  of  the  bryozoans. — ^The  reticulate  bryozoans  made 
a  new  departure  in  their  mode  of  support.  The  delicate  branches 
frf  their  colonies  cannot  extend  themselves  indefinitely  without  special 
means  of  support.  As  one  mode  of  securing  this  support,  the  genus 
Lyropora  secreted  a  U-shaped  calcareous  base,  upon  the  inner  con- 
cave surface  of  which  the  rest  of  the  colony  spread  itself.  As  another 
and  more  successful  mode,  the  genus  Archimedes  (Fig.  238,  q),  which 
made  its  first  appearance  in  the  Osage,  secreted  an  axis  with  a  spiral 
flange  upon  which  the  colony  spread  itself,  producing  a  unique  form 
whose  slight  resemblance  to  Archimedes'  screw  has  given  it  name. 
The  Archimedes  became  so  abundant  in  the  Kaskaskia  epoch  that 
some  beds  of  the  Kaskaskia  formations  are  known  as  the  Archimedes 
limestone,  or  accoimt  of  the  great  abundance  of  the  axes  of  this  genus. 

The  protozoans  make  a  record. — For  the  first  time  there  is  clear 
evidence  that  the  protozoans  were  an  important  factor  in  the  fauna. 
It  is  not  to  be  understood  that  they  were  not  really  a  vital  element 
before,  for  theoretically  there  is  good  reason  to  believe  that  they  had 
long  been  abundant;  but  they  now  record  themselves  in  a  so-called 
oolitic  limestone  in  the  St.  Louis  formation,  certain  layers  of  which 
are  almost  wholly  composed  of  a  foraminiferal  shell,  Endothyra  baileyi 
(Fig.  238,  X  and  y).  On  account  of  their  globular  form,  the  shells  of 
this  genus  have  been  mistaken  for  oolitic  concretions,  and  have  given 
a  misleading  name  to  the  formation. 

Changes  in  the  brachiopods. — A  notable  modification  in  the  aspect 
of  the  brachiopods  took  place  (Fig.  238,  g-p).  The  large  spirifers 
of  the  striatiis  type  disappeared,  though  some  small  spirifers  remained 
(Fig.  238,  y),  while  Products  (Fig.  238,  g  and  h)  continued  to  be  very 
abimdant  and  characteristic.  Seminida  (Fig.  238,  /),  Eumetria  (Fig.  238, 
m),  and  Spiriferina  (Fig.  238,  k)  were  well  represented.  An  odd  fea- 
ture was  the  diminutive  size  of  the  brachiopods,  as  well  as  of  all  other 
forms,  in  the  Spergen  Hill  fauna  of  the  Bedford  limestone  of  Indiana, 
although  they  were  remarkably  abundant.  The  associated  fossils 
of  other  kinds  were  also  diminutive,  impl>dng  general  pauperizing 
conditions  of  some  sort,  for  the  species  seem  to  be  identical  with  those 
that  grew  larger  elsewhere.  It  is  not  improbable  that  this  limestone 
was  deposited  in  a  partially  isolated  body  of  water  that  was  so  highly 
charged  with  lime  and  other  salts  as  to  be  somewhat  unfavorable  to 
life.     A  similar  diminutive  fauna  is  recorded  from  Idaho. 


!38. — The  Genevieve  (L'ppbr  Mimsissippian)  Fauna.  Crinmdea:  a,  Agasti 
'nux  dactglijormis  Shum..  one  ot  the  inodunate  crJDoids  which  has  lost  its  st 
d  become  a  free  Bwimming  creature,  at  least  in  its  adult  condition;  b,  Ac 
.nus  amphora,  W.  and  Sp.,  a  peculiarly  epecialized  camerate  crinoid  with  a  lai 
imber  of  supplementaty  plates  introduced  between  the  basal  and  radiale. 
s  but  two  basal  plates,  not  shown  in  the  fig^ure.  This  genus  occurs  in  the  Genevii 
d  in  the  Carboniferous,  being  the  only  genus  ot  camerate  crinoids  crossing  t 
e;  c,  Pterotocrimtsbifurcatus  Welh.  This  genus  is  restricted  to  the  Genevii 
inaM.  It  is  a  camerate  crinoid  with  two  basals.  and  possesses  five  remarks 
ines  de\ eloped  from  the  \cntral  surface  and  produced  beyond  the  arms.  HI 
dea:  d,  Penlremiles  ri^iislux  I.yon.  Many  species  of  this  genus  are  known 
e  tienevieve  faunas,  some  species  being  represented  by  innumerable  individm 
plialopnda;  f,  Ortlioccras  annulalo-rostatum  M,  and  W,,  one  of  the  more  ancii 
"aiglit  cephalopods,  occasional  species  of  which  persisted  to  the  close  of  1 
ileozoic;  /,  Gonialitcs  ketiluckienniK  S.  A.  M..  a  notable  feature  ot  the  Genevii 
inas  is  the  recurrence  of  the  goniatites  after  their  absence  from  the  Osage  faun 
■arhiopiHln:  g,  Prodiittiis  marginUinrtiiii  Prout,  and  h,  Productus  /(fciciito 
K.'li..  two  of  the  numerous  species  of  this  genus  which  constitutes  a  consi)i< 
s  element  in  the  Genevie\e  fauna;  »,  Marlinia  ghdn-a  M.  and  W.,  one  of  i 
achiopods  liaving  nmch  closer  relatives  in  the  Devonian  than  in  the  Osage  faun 
Rpiriffr  tncrebeacens  Halt,  one  of  the  most  characteristic  species  of  the  la 
■neviei'e  faunas;  k,  Snirilerina  npinosa  (N.  and  P,),  a  representative  of  a  gei 
lidi  was  an  outgrowth  from  Spirifer.  and  has  its  greatest  development  in  i 
■nev-ie\e  and  Carboniferous  faunas.  It  is  characterized  by  its  punctate  si 
iicture;  t,  Semitiula  siiltjiiadrala  (Hall),  a  species  which  has  no  near  ally 
B  earlier  faunas,  but  is  closely  related  to  later  Carboniferous  species;  m.  Eumtl 
irvfii  (Shum.),  a  representative  of  a  genus  which  is  abundant  in  the  Gene\it 
inas  and  wliieh  was  also  present  in  the  Kinderhook,  but  absent  from  the  Ost 
inas  until  near  the  close  of  that  epoch;  n,  Leim^hmchun  quadritostaltim  {Vai 
species  common  in  some  portions  of  the  eastern  Hamilton  faunas,  but  abn 
im  the  Mississippian  sea  during  later  Devonian.  Kinderhook,  and  O^ge  ti 
persisted  in  the  Great  Basin  region  and  reappeared  in  the  interior  near  Rat 
le,  Arkansas,  in  a  limestone  of  the  age  of  tne  St.  Louis  limestone;  o  and 
'ijnchfmrlla  turekensis  Wale,  a  peculiar  Great  Basin  species  which  occurs  wi 
iorhynchus  quadricostalum  near  Batesville,  Arkansas,  Bryozoa:  g,  Anhimei 
[Con/inucdmboilom  o/P-aWJ 
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The  Mollusks. — ^The  pelecypods  (Fig.  238,  r-t)  were  rather  abundant, 
md  in  some  of  the  sandy  and  silty  beds  were  the  predominant  forms. 
k)me  of  them  still  retained  a  Devonian  aspect,  and  those  in  the  Indiana 
braminiferal  (Bedford)  limestone  were  diminutive,  like  the  brachio- 
x)ds  of  that  formation.  The  gastropods  (Fig.  238,  ti-w)  were  more 
liversified  than  in  the  Osage  fauna,  and  some  Devonian  genera  which 
lad  apparently  been  absent  from  the  Osage  reappeared.  The  cephalo- 
x)ds  (Fig.  238,  e  and  /)  also  became  more  abundant  than  they  had 
x*en  in  the  Osage.  The  goniatitcs  reappear  in  several  species.  Pos- 
;ibly  these  and  some  of  the  other  mollusks  of  Devonian  aspect  which 
eappeared  in  the  territory  from  which  they  had  been  absent  during 
he  Osage  epoch  came  in  from  the  Waverly  gulf  on  the  east,  and  not 
rom  the  Great  Basin  sea  from  which  the  Devonian  fornLs  previously 
nentioned  quite  certainly  came.  Both  of  the  relatively  isolated 
x)dies  of  water  appear  to  have  fostered  a  less  rapid  evolution  than 
he  more  open  sea  between  them  with  its  foreign  connections  and 
'osmopolitan  relations.  This  accords  with  a  general  principle  in 
listorv. 

Other  forms. — Trilobites  were  almost  unknown,  and  the  other 
;rustaceans  left  an  unimportant  record.  The  sharks  and  other  fish 
vere  important  and  will  be  considered  presently. 

The  most  striking  peculiarity  of  the  fauna,  it  may  be  repeated, 
esulted  from  the  invasion  of  the  more  conservative  fauna  of  Devonian 
ispect  from  the  Great  Basin  sea,  and  perhaps  from  a  similar  incursion 
>f  lingering  forms  from  the  Waverly  gulf  on  the  east.  The  remark- 
ible  thing  is  that  these  should  have  succeeded,  so  far  as  they  did, 
Q  impressing  themselves  on  the  composite  result,  and  in  giving  tone 
o  the  whole.  It  is  more  natural  to  expect  an  antiquated  fauna  to 
re  overwhelmed  by  a  younger  and  more  progressive  one.  It  would 
re  interesting  to  know  what  happened   from    the  counter-migration 


swaUoi'anus  (Hall),  one  of  the  peculiar  screw-like  axes  for  the  support  of  the 
colony  in  this  genus.  Pelecypoda:  r,  Schizodus  che^terensis  M.  and  \V.;  ,«?,  Cano- 
cardium  prattenanum  Hall;  and  ^  Conocardium  meekanum  Hall,  three  species 
of  Genevieve  pelecypods  which  have  closer  relatives  in  the  Kinderhook  and  Devo- 
nian faunas  than  in  the  Osage.  Gastropoda:  u,  Eotrochus  concavus  Hall,  r,  PUuro- 
tomaria  nodulostriata  Hall,  and  ip,  BeUerophon  sublaevis  Hall;  three  gastropods,  all 
from  the  diminutive  Spergen  Hill  fauna:   all  of  them  have  nearer  relatives  in  the 

?re-(^sage  than  in  the  Osage,  and  related  forms  again  occur  in  the  (^arbonifercus. 
'rotozoa:  x  and  y.  Endothijra  hailetfi  Hall,  a  <«mall  foraminifer.  much  enlarged, 
which  occurs  in  great  numbers  in  the  I^ford  limestone  of  Indiana,  it  has  often 
b^n  mistaken  for  oolite  grains. 
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he  Osage  fauna  into  the  Great  Baan  re^cm;  but  this  does  not 
1  to  have  been  worked  out.  \\lth  little  doubt  the  consen'ative 
iders  of  the  interior  sea  were  favored  by  physical  conditions,  which 
?ar  to  have  grown  progressively  more  and  tdxx%  like  those  to  ^ch 
Devonian  types  had  become  adapted,  and  less  and  less  like  those 
vhich  the  special  Osage  forms  were  fitted.  There  is  danger,  how- 
•,  of  over-estimating  the  Devonian  fades,  because  of  its  interest. 

total  assemblage  bore  a  pronouncedly  Mississippian  aspect. 
rhiH  jx^rsistence  of  Devonian  types  through  to  this,  the  last  recog- 
(1  (»ix)ch  of  the  Mississippian  period,  taken  with  the  close  continuity 
lie  life  of  the  last  Devonian  epoch  with  that  (rf  the  first  Mississippian 
:!h,  and  the  absence  of  any  notable  physical  break  at  that  point, 
?s  the  question  whether  the  Mississippian  might  not  better  have 
1  rogarclecl  as  the  closing  portion  of  the  Devonian  period.  This 
ilcl  have  given  to  the  imited  period  a  cosmopolitan  climax  in  the 
of  the  Osago-St.  Louis  limestones,  and  a  fitting  close  in  the  decline 
lany  forms,  and  the  unconformity  at  the  smnmit  of  the  Mississippian. 

no  (livLsions  of  a  history,  which  is  in  reality  continuous,  can  be 
goth(T  without  infelicities.  The  pulsations  of  the  history,  which 
i(»  are  the  true  basis  of  natural  divisions,  are  rarely  the  same  every- 
•ro  at  the  same  time,  and  in  all  their  aspects. 
With  the  close  of  the  Mississippian  period,  the  chief  center  of  life 
rest  jKu^^sos  from  the  sea  to  the  land,  first  to  the  vegetation  of  the 
I  p(Ti()(i,  and  then  to  the  land  vertebrates.  The  history  of  the 
iiu*  iiiv('r((»l)rates  will  therefore  be  followed  with  less  fullness.    With 

introduction  of  fishes  it  had  reached  its  great  adjustments,  and 
further  history  boars  a  close  likeness  to  the  struggles  and  adapta- 
is  of  tho  history  already  sketched. 

The   Kvohdion   of   the   Fishes   in   the  Mississippian   Period} 

Many  of  the  ancient  invertebrates  were  as  fixed  as  plants,  and 
r  migrations  were  confined  to  their  early  stages;  but,  quite  in  con- 
;t,  th(^  fishes  were  constant  rovers,  and  their  distribution  was  rela- 
'ly  fn^e  and  rapid.  While  restrained  by  conditions  of  food,  tem- 
ature,  etc.,  they  were  relatively  independent  of  local  conditions,  and 

References:  Newberry,  Worthen  and  St.  John,  111.  Geol.  Surv.,  Vols.  II,  IV,  VI, 
;  Newberr>',  Pal.  Ohio,  Vols.  I  and  II;  Leid3\  Trans.  Am.  Phil.  See.,  Vol.  XI; 
.  Woodward,  Vert.  Pal.;  Dean,  Fossil  Tishes. 
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the  minor  stages  of  their  progress  are  less  significant  than  the  general 
ones.    They  are  therefore  discussed  here  for  the  period  as  a  whole. 

Fish  appear  to  have  first  effectually  invaded  the  open  sea.  in  the 
Devonian  period,  but  during  that  period  true  marine  fishes  seem  to 
have  been  inferior,  in  number  and  variety,  to  those  of  the  inland 
waters.  But  by  the  middle  of  the  Mississippian  period  the  marine 
fishes  had  made  such  relative  progress  that  they  were  in  unquestioned 
supremacy,  while  the  fresh-water  forms  had  notably  declined,  if  we 
may  trust  the  record.  The  extension  of  the  epicontinental  seas,  and 
the  consequent  reduction  of  the  land-areas,  and  doubtless  the  land- 
waters,  favored  the  former  and  restricted  the  latter.  In  the  seas, 
the  supremacy  of  the  sharks  was  almost  uncontested.  The  cephalo- 
pods,  probably  the  master  forms  among  the  invertebrates,  were  no 
match  for  the  newcomers  and,  as  already  noted,  played  a  very  small 
part  in  the  life  of  the  times.  The  great  sea  reptiles  and  sea  mammals, 
which  later  preyed  upon  and  kept  in  subjection  the  sea  fishes,  had 
not  yet  come  to  dispute  their  sway.  Under  these  conditions,  and  in 
a  new,  rich,  and  expanding  realm,  it  is  not  surprising  that  the  fish  of 
the  period  had  a  really  wonderful  development.  They  were  appar- 
ently much  more  abundant  than  in  any  later  period;  at  least  this  is 
true  of  the  sharks.  Up  to  1889,  about  400  species,  nearly  all  elasmo- 
branchs,  had  been  reported  from  the  Mississippian  formations  of 
America,  and  about  200  additional  species  from  Europe.^ 

The  relics  are  chiefly  teeth,  spines,  and  dermal  ossicles,  and  per- 
haps the  number  of  species  is  exaggerated  by  duplicate  naming,  though 
this  is  doubtless  much  more  than  offset  by  the  unrecorded  forms. 
The  elasmobranchs  held  imdisputed  precedence,  and  of  these  at  least 
three-fourths  had  crushing  or  pavement  teeth,  adapted  to  breaking 
the  shells  of  moUusks  and  crustaceans,  and  the  trituration  of  seaweeds.^ 
The  tooth-pavement  was  formed  of  large  plates  of  thicknesses  ranging 
up  to  one  and  one-half  inches,  composed  of  solid  dentine  below  and 
a  thick  sheet  of  enamel  above,  which  was  pitted,  ridged,  or  otherwise 
roughened  to  prevent  the  slipping  of  the  prey.  The  multiplication 
of  these  chonchivorous  sharks  introduced  a  new  factor  into  the  inver- 
tebrate struggle  for  existence,  and  perhaps  accounts  for  the  decline 
or  disappearance  of  some  forms  and  the  modification  of  others. 

» Newberry,  Pal.  Fishes,  N.  Am.  Mon.  XVI,  U.  S.  Geol.  Sun.,  1889,  pp.  182-83. 
'Newberry,  ibid.,  p.  184 
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rhe  number  of  spines  preserved  is  exceptionally  great  when  com- 
kI  with  the  teeth  and  dermal  ossicles,  which  are  about  equally 

adapted  to  preservation.  The  proportion  is  very  much  greater 
1  that  of  later  periods,  including  the  present,  and  implies  that  the 
ks  bristled  with  spines  to  a  degree  not  retained  in  later  times. 

loss  of  spines  in  later  ages,  like  the  loss  of  the  armor-plates  and 
jr  clumsy  defensive  devices,  may  be  assigned  to  replacement  by 
ity,  intelligence,  and  more  effective  weapons  of  attack,  as  Xew- 
y  has  suggested ;  but  their  great  development  at  this  time  doubt- 
had  its  special  reason  in  the  fact  that  most  of  the  sharks  were 
'  provided  with  pavement  teeth,  which  w^ere  ineffectual  wea|)ons 
nst  those  sharks  that  were  armed  with  piercing  and  cutting  teeth, 
hence  the  former  had  especial  need  for  a  bristling  array  of  spint^ 

defense  against  their  aggressive  kin. 
5harks  with  piercing  teeth  were  represented  at  the  very  ojx^ning 
le  period  by  Cladoselache,  Fig.  239,  and  later  by  Cladodus  and  allied 


239. — CladoRchchc  fi/kri  Xowb.  Restoration  by  Dean  about  one-fifth  natural 
ize.  From  Cleveland  Shales,  Ohio.  Often  referred  to  the  Devonian.  (After 
>ean.) 

^ra  which  were  numerous  and  wide-spread.  Some  of  these  were 
e  and  formidable  fishes,  ^'  armed  with  teeth  in  many  rows,  several 
drcd  in  each  set.''  (Fig.  235,  t  and  u).  The  petalodonts  were  a 
jpicuous  group  of  sharks  with  peculiar  cycloid  cutting  teeth.  The 
rodirans,  which  were  abundant  and  gigantic  during  the  transition 
3d  from  the  Devonian,  lingered   in  reduced  importance   through 
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this  period  and  into  the  next,  when  they  disappeared.  The  lung- 
fishes  had  declined,  but  were  represented  by  Ctenodus.  The  holopty- 
chians  had  disappeared,  but  the  crossopterygians  were  represented 
by  several  genera  that  took  on  a  closer  external  resemblance  to  modern 
forms. 

Of  the  fishes  frequenting  the  inland  and  coastal  waters,  probably 
the  culminating  type  was  now  actinopterygian  of  the  order  to  which 
the  modem  garpike  belongs.  The  curious  tribe  of  ostracoderms  had 
nearly  or  quite  disappeared. 

The  fishes  probably  made  up  the  whole,  or  nearly  the  whole,  of 
the  vertebrate  fauna  of  the  seas.  The  ostracoderms  may  have  entered 
the  sea,  as  they  are  sometimes  reported  in  marine  faunas,  but  they 
were  probably  fresh-water  forms  in  the  main.  There  are  reasons  for 
thinking  that  amphibians  frequented  the  fresh  waters  and  the  adja- 
cent lands,  but  probably  not  the  seas. 

II.  The  Land  Life  of  the  Mississippian. 

Since  the  period  was  one  of  sea  extension  and  its  deposits  mainly 
marine,  the  record  of  land  life  is  poor.  There  was  doubtless  some 
notable  restriction  of  the  terrestrial  life  by  reason  of  the  encroach- 
ment of  the  sea.  So  far  as  may  be  gathered  from  the  record,  the 
main  Devonian  lines  were  perpetuated.  Enough  fossil  vegetation 
has  been  recovered  to  show  that  all  the  leading  groups  of  Devonian 
plants  were  represented.  There  wore  true  ferns  (ArchcropteriSj  Mega- 
lopteris,  SphenopteriSy  Pseudopecopteris,  etc.)  probably  Cycadofilices 
(Alethopteris),  Eqiiisetales  (CalaimteSy  Annulariay  Bomiay  Astrophyl- 
liteSj  etc.),  Sphenopyllales  (Sphenophyllum),  Lycopodiales  (Lepido- 
dendron,  Sigillaria,  Ulodendrorij  KnorriOj  Halonia,  etc.),  gjmmosperms 
(Cordait€s)j  and  the  fossil  seeds  Cardiocarpus,  Trigonocarptis,  etc., 
commonly  regarded  as  the  fruit  of  cordaites. 

The  most  interesting  suggestion  of  advance  in  land  life  is  found 
in  the  footprints  of  a  supposed  amphibian  named  Peleosatiropns  (Smiro- 
pu^)  primonms,  described  by  Lea  from  the  Mauch  Chunk  shale  near 
Pottsville,  Penn.  There  are  six  double  imprints,  in  which  the  track 
of  the  hind  foot  partially  covers  that  of  the  front  foot.  They  imply  a 
stride  of  about  thirteen  inches,  and  a  breadth  between  outer  toes 
of  eight  inches.  The  trail  of  a  tail  an  inch  wide  accompanies  the 
footprints.    The  slab  on  which  they  are  impressed  is  ripple-marked 
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pitted  by  rain-drops,  implying  a  freshly  emerged  mud-flat  aga: 
3red  before  the  impressions  were  lost.^  This  solitary  record  prol 
r  stands  for  many  amphibians  that  had  already  attained  a  di 
tive  development,  a  suggestion  that  is  supported  by  the  rathi 
e  differentiation  which  the  amphibians  presented  when  first  the 
e  well  preserved  in  the  next  (Oal  Measures)  period.  The  Europe^ 
»rd  is  better,  nearly  complete  specimens  referred  to  the  labyrinth 
ts  having  been  found  in  the  Edinburgh  (Lower  Carboniferou 
[  field  of  Scotland.2 

Probably  the  insects  and  their  allies  found  in  the  preceding  peric 
e  represented,  but  their  fossils  are  not  known  to  have  been  foun 

Dana's  Manual,  p.  644. 

Described  by  Huxley,  under  the  name  Pholidogader,  Vol.  XVIII,  Q.  J.  G.  S. 


CHAPTER  X. 

THE  PENNSYLVANIAN  (COAL  MEASURES,  CARBONIFEROUS  PROPER) 

PERIOD. 

Formations  and  Physical  History. 

The  system  of  rocks  lying  upon  the  Mississippian  was  formerly 
knowTi  as  the  Carboniferous  proper,  and  this  name  is  still  in  conmion 
use.  The  name  has  its  explanation  in  the  fact  that  this  system  con- 
tains the  great  coal  deposits  of  the  eastern  part  of  North  America. 
The  need  of  a  name  to  distinguish  this  system  of  rocks  from  those 
which  have  been  described  imder  the  name  Mississippian  has  long  been 
felt,  and  the  name  Pennsylvanian,  which  has  recently  come  into  wide 
use  in  this  country,  was  adopted  because  the  system  is  well  developed 
and  well  known  in  Pennsylvania.  The  Pennsylvanian  sj^tem  includes 
the  Pottsville  conglomerate  (Millstone  grit)  below  and  the  Coal  Meas- 
ures above. 

The  Pottsville  Conglomerate  (Millstone  GRrr). 

The  lowermost  formation  of  the  period  in  the  Appalachian  region 
is  generally  sandstone  or  conglomerate  (Pottsville  conglomerate  at 
the  north;  Lee  conglomerate,  Lookout  conglomerate,  Millstone  grit, 
etc.,  farther  south  [see  p.  557  et  seq.]),  which  betoken  shallow  water. 
Over  wide  areas  it  is  unconformable  on  the  Mississippian  system,  as 
already  noted.  In  some  places  the  Pottsville  conglomerate  appears  to 
be  a  true  basal  conglomerate,  representing  the  deposits  made  by  the 
sea  as  it  transgressed  the  surface  of  the  recently  exposed  Mississippian 
formations.  In  such  places  it  is  sometimes  made  up  partly  of  the 
cherts  derived  from  the  Mississippian  beds,  showing  that  the  latter 
had  imdergone  prolonged  decay  before  the  deposition  of  the  conglom- 
erate. In  other  places  the  pebbles  of  which  the  conglomerate  is  com- 
posed seem  not  to  have  been  derived  from  local  sources.    This  like- 
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argues  for  wide-spread  emergence  before  the  epoch  of  the  lEI 
3  grit,  for  on  a  land  surface  streams  may  shift  materials  grea 
inces. 

^rom  its  coarser  conglomerate  phases  in  the  east,  the  Pottsvill 
lomerate  grades  westward  into  sandstone  (Mansfield  sandstone  ( 
ana/  Parma  sandstone  of  Michigan,^  Graydon  sandstone  of  ML 
i,3  and  Millstone  grit  ^  of  Arkansas),  and  ^dth  local  conglomerati 
les  the  sandstone  persists  over  the  interior.  At  various  points  i 
east  the  formation  contains  thin  beds  of  coal  (Fig.  242),  showin 
local  beginnings  of  the  conditions  which  existed  later  over  wic 
s,^  and  in  the  southern  Appalachians  it  is  a  chief  source  of  coal 

beds  of  the  interior  referred  to  this  epoch  are  thought  to  repr 

the  later  part  of  the  epoch  only,  while  the  series  in  the  Appal 
n  mountains  includes  beds  referable  to  earlier  stages  of  the  epo( 
ell.  In  other  words,  the  area  of  deposition  was  extended  westwai 
le  epoch  advanced.  Even  at  the  east  there  is  sometimes  a  great  u] 
ormity  between  the  Mississippian  and  the  Pottsville  series  (see  p.  SOS 
The  formation  varies  in  thickness  from  1200  feet  in  the  Soul 
iracite  basin  of  Pennsylvania,  to  as  little  as  65  feet  in  some  par 
v^estern  Pennsylvania.  The  unequal  thicknesses  are  due  part 
he  imevenness  of  the  eroded  surface  on  which  it  rests,  partly 
lual  rates  of  sedimentation,  partly  to  unequal  duration  of  tl 
:  of  sedimentation  in  different  regions,  and  partly  perhaps  to  inclim 
)sition,  thinning  off  shore.  Half  of  the  formation  in  eastei 
isylvania  is  thought  to  have  been  deposited  before  depositic 
in  in  the  western  part  of  the  state. ^     The  formation  has  a  thic 

of  about  ,500  feet  in  Marvland  »  and  of  200  to  1500  feet  in  We 
inia.^    Further  details  as  to  thickness  are  given  on  pp.  557-66 

22d,  20th,  and  27th  Ann.  Repts.,  Dept.  of  Geol.,  etc. 

Lane,  Geol.  Surv.  of  Mich.,  especially  Vol.  VII. 

Geol.  Surv.  of  Missouri,  Vol.  XII,  and  22d  Ann.  Rept.,  U.  S.  Geol.  Sur\'.,  Pt. 

Geol.  Sun-,  of  .^kansas,  Vol.   V,  1892. 

White  (I.  C),  West  Virsrinia  Geol.  Surv-.,  Vol.  II. 

Hayes,  22d  Ann.  Kept.,  U.  S.  Geol.  Surv'.,  Pt.  Ill,  p.  235. 

White  (D.),  20th  Ann.  Rept.,  U.  S.  Geol.  Sun'.,  Pt.  II,  pp.  755-918,  and  Browi 

Connellsville  folio,  U.  S.  Geol.  Sun'.,  p.  S. 

Prosser,  Jour.  Geol.,  Vol.  IX,  p.  422.     Also  Martin,  Manland  Geol. Surv. , Repc 

arret t  Co.,  pp.  100-110. 

White,  West  Virginia  Geol.  Surv.,  Vol.  I,  p.  211. 
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The  formation  is  usually  so  firmly  indurated  that  where  it  has  been 
tilted  its  outcropping  edge  develops  ridges. 

The  Millstone  grit,  usually  a  coarse,  conglomeratic  red  sandstone, 
occurs  in  Nova  Scotia,  where  it  contains  occasional  lenses  of  coal  and 
shale. 

In  the  western  part  of  America,  the  Millstone  grit  formation  has 
not  been  recognized.  WTiile  deposits  representing  the  epoch  probably 
occur,  thev  have  not  commonlv  been  differentiated  from  the  beds 
below  and  above.  Locally,  however,  there  are  conglomeratic  beds 
which  may  prove  to  be  the  time-equivalent  of  the  Millstone  grit 
of  the  east.  If  the  Carboniferoas  (corresponding  to  Pennsylvanian)  of 
the  west  is  not  more  generally  imconformable  on  the  Lower  Car- 
boniferous than  present  data  indicate,  the  two  systems  here  afford 
another  illustration  of  the  general  fact  that  different  regions  on  the 
same  continent  do  not  always  undergo  the  same  changes,  or  receive 
similar  deposits  at  the  same  time.  So  true  is  this,  that  a  shallow- 
water  formation,  like  the  Potts\'iUe  conglomerate,  in  the  eastern  part  of 
the  continent,  would  afford  no  sufficient  warrant  for  supposing  a  like 
formation  to  have  been  made  in  the  western.  The  deposits  of  the 
Pennsylvanian  (Carboniferous)  period  in  the  eastern  and  western  parts 
of  the  continent  also  show  that  a  classification  which  fits  one  region 
may  have  little  applicability  to  another,  so  far  as  details  are  concerned. 

The  Coal  Measures. 

Above  the  Pottsville  conglomerate  and  its  equivalents  in  the  cen- 
tral and  eastern  parts  of  the  continent  lie  the  formations  known  collec- 
tively as  the  Coal  Measures,  a  series  of  beds  somewhat  imlike  any 
heretofore  considered.  They  consist  of  a  great  succession  of  alterna- 
ting beds  of  shale,  sandstone,  conglomerate,  limestone,  coal,  and  iron 
ore.  WTiile  the  succession  differs  greatly  in  different  regions,  shale 
and  sandstone  perhaps  recur  more  frequently  than  any  other  mem- 
bers of  the  series,  and  in  thicker  beds.  Limestone  has  a  more  limited 
development,  and  conglomerate  is  relatively  unimportant.  The  coal 
and  some  of  the  iron  ore  are  in  layers  interstratified  with  the  clastic 
beds,  and  are  to  be  looked  upon  as  strata  of  rock,  the  same  as  the  asso- 
ciateil  sandstones  and  shale.  Important  as  the  coal  and  iron  ore  are 
from  an  economic  point  of  view,  they  make  up  but  a  small  part  of 
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ystem.  Although  there  are  many  beds  of  coal  in  some  region 
ilthough  some  of  them  have  great  thickness  (40  to  50  feet)  tl 
)rtion  of  coal  in  the  C!oal  Measures  is  rarely  one  foot  in  fort; 
:he  proportion  of  iron  ore  is  much  less, 
ie  Coal  Measiu'es  are  differently  divided  in  dififerent  region 
of  old  division,  namely  a  Lower  and  an  Upper,  is  conmion.  1 
series,  local  names  are  often  applied.  In  Iowa,  for  exampl 
^wer  division  is  designated  Des  Moines^  and  the  Upper,  Mi 
in}  In  other  regions,  as  in  Ohio,  a  fourfold  division  hi 
made  as  follows:  (1)  Lower  Coal  Measures;  (2)  Lower  Barre 
ires;  (3)  Upper  Coal  Measures,  and  (4)  Upper  Barren  Measure 
ast  is  now  generally  referred  to  the  Permian  period.  More  recent] 
allowing  classification  of  the  Pennsylvanian  and  Permian  systen 
e  east  has  been  proposed  ^  and  somewhat  generally  adopted: 


m Dunkard  formation  (or  series)  *  Upper  Barren  Coal  Measures 

'4.  Monongahela     **         "      '*      =  Upper  Productive  Coal  Measui 
3.  Conemaugh       "         "      "      =  Lower  Barren  Coal  Measures 
2.  Allegheny  "         "     "      =  Lower  Productive  Coal  Measui 

.1.  Potts viUe  "         "      '' 


»rlvanian 


Distribution  and  OiUcrops. 

jtween  the    Appalachians  and  the  Rockies. — ^The  distribution 
ennsylvanian  system  as  now  exposed  is  shown  in  Fig.  240.    TI 

areas  represent  the  areas  where  the  system  is  not  covered,  < 
ed  only  by  drift,  etc.;  the  lined  areas  represent  regions  whe 
ystem  is  believed  to  exist,  though  concealed;  the  areas  mark( 
ishes  represent  regions  where  the  presence  of  the  system  is  mo 
s  doubtful;  while  the  dotted  portions  give  some  idea  of  the  are 
36  the  system  has  been  removed  by  erosion.  The  system  is  pro 
concealed  over  considerable  areas  to  the  south  of  those  repr 
1  on  the  map,  where  the  surface  is  occupied  by  younger  formatioE 
ts  equivalent  doubtless  extends  indefinitely  under  the  sea. 

is  not  to  be  understood  that  the  system  everywhere  contaij 
in  workable  quantity,  though  within  the  areas  indicated  co 
lely  distributed  (Fig.  241),  occurring  as  far  west  as  the  96th  < 

ilvin,  Bain,  Beyer,  Leonard,  Young,  and  Keyes,  Geol.  Surv.  of  Iowa,  Vo 
XI,  VIII,  VII,  III,  and  I.  See  also  Keyes,  Am.  Geol,  Vol.  23,  1893,  pp.  298-31 
posser.  Am.  Jour.  Sci.,  4th  series,  Vol.  XI,  p.  191,  1901. 
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97th  meridian  in  Indian  Territory,  ^  and  nearly  to  the  100th  meridian 
in  Texas.2 

The  distribution  of  the  Pennsylvanian  system  in  the  eastern  part 
of  the  continent,  as  it  now  appears  at  the  surface,  is  in  some  ways  in 
sharp  contrast  with  the  sm^ace  distribution  of  older  systems.  The  com- 
monest position  for  the  outcrops  of  the  Cambrian,  Silurian,  Devonian, 
and  Mississippian  systems  severally  is  around  the  outcrops  of  older 
s^'stems.  But  this  rule  does  not  seem  to  be  followed  in  the  case  of 
the  Pennsylvanian,  the  outcrops  of  which  appear  to  exhibit  no  ten- 
dency to  a  similar  concentric  distribution.  Rather  do  they  seem  to 
cover  areas  between  the  outcrops  of  older  formations.  Thus  in  Michi- 
gan, the  Pennsylvanian  strata  occupy  an  area  completely  surrounded 
by  older  formations. 

This  difference  in  surface  distribution  does  not  betoken  any  real 
difference  in  the  distribution  of  the  system.  The  Ordovician  formations 
come  to  the  surface,  among  other  places,  in  New  York,  Ohio,  Wis- 
consin, Missouri,  and  the  Black  Hills.  Beneath  the  surface,  the  beds 
outcropping  in  these  several  localities  are  believed  to  be  continuous, 
though  concealed  by  younger  formations.  It  will  be  remembered 
that  most  of  the  eastern  interior,  and  perhaps  most  of  the  west  as 
well,  became  land  at  the  close  of  the  Ordovician  period.  Had  it  never 
again  been  submerged,  the  Ordovician  system  would  not  have  been 
covered,  and  its  outcrops  would  now  have  appeared  at  the  surface 
not  in  zones  about  the  exposed  parts  of  earlier  systems,  but  in  broad 
areas  between  the  outcrops  of  older  formations;  that  is,  these  out- 
crops would  have  corresponded,  in  principle,  with  the  surface  distri- 
bution of  the  Pennsylvanian,  so  far  as  it  appears  at  the  surface.  After 
the  deposition  of  the  Pennsylvanian  system,  the  surface  where  it  is 
now  exposed  was  elevated,  relatively,  and  except  for  the  glacial  drift, 
was  either  never  deeply  covered  by  later  deposits,  or  if  so  covered, 
the  overlying  formations  have  been  almost  wholly  removed. 

The  matter  may  be  looked  at  in  another  way.  The  several  land 
areas,  which  served  as  centers  for  the  distribution  of  sediments,  such 
as  Appalachia,  the  Adirondacks,  northern  Wisconsin,  etc.,  became, 
on  the  average,  larger  and  larger  as  time  went  on;  that  is,  the  several 
land  areas  grew  as  the  result  of  uplift,  or  withdrawal  of  the  sea,  in 

«  Gould,  Am.  Jour.  Sci.,  Vol.  XI,  p.  185,  1901;  and  Taff,  22d  Ann.  Rept.,  p.  373, 
Pt.  III. 

'Taff,  idem,  p.  402. 
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of  the  fact  that  they  wpre  peri(^«lically  depresseil  and  degrade 
o  temporarily  diminL^hfHl  in  area.  The  result  of  the  fluctuatioi 
d  and  water  appears  to  have  been  in  the  long  run  to  the  adTanta| 
^  land.       If  the  apparent  changes  of    level  of   the  land  wei 

due  to  itH  rinsing  and  sinking,  the  sum  of  the  risings  exceetle 
=juni  of  The  sinking?.  If.  on  the  other  hanrl,  the  apparei 
:ps  of  level  of  the  land  were  due  to  fluctuation  of  the  level  of  tl 
,  the  nrernge  movement  of  its  surface  wa^  <lownward.  Befoi 
ennsylvanian  peri<:Hl.i  the  TJhio  Island  had  matle  its  appeaianc 
onstituteil  a  new  sub-center  of  growth.  With  these  sever 
areas  gratlually  (on  the  average)  enlarging,  it  is  clear  that  tl 
Illation  of  the  process  must  ultimately  have  resulted  in  the 
Barring  the  Coastal  Plain,  that  time  came,  so  far  as  eastei 
.  America  is  concerns  1,  with  the  close  of  the  Pennsvlvania 
l.  While  therefore  the  Pennsvlvanian  svstem  of  rocks  real 
?  in  much  the  same  relation  to  the  Mississippian  system  tlu 
jf  the  precefling  s^'stems  does  to  its  predecessor,  its  surface  di 
ion  seems  to  depart  from  the  usual  ride. 

me  of  the  separate  areas  of  the  system  shown  in  Fig.  240  hai 
bly  been  isolate  1  since  their  deposition.  Thus  the  eastei 
>r  r-oal-field  'Illinois-Indiana  area.  Fig.  241)  may  have  b« 
luous   with    the   western    interior   field    flowa-Missouri-Arkans; 

the  sej)aration  having  been  effecteil  by  erosion  along  tl 
sippi,  where  the  Coal  Measures  have  been  removed  and  tl 
sil>j>ian  formations  below  exposed.  These  two  coal-fields  a] 
ited  bv  a  broad  low  anticline,^  the  existence  of  which  allowe 
is.sissif>pi  Iliver  to  reach  the  Mississippian  series  the  more  readi] 
rlown-cutting.  The  Coal  Measures  of  different  parts  of  Penj 
lia  (Fig.  240),  where  the  considerable  altitude  has  favored  en 
lave  been  isolated,  though  probably  once  continuous.  The  figui 
sonic;  idea  of  the  extent  of  erosion  in  post-Carboniferous  tini 
oal  Measures  of  Pennsylvania  may  once  have  been  continuoi 
hose  of  the  eastern  Interior,  via  Kentucky  and  Tennessee,  thoug 

uncertain.    The  Michigan  ^  and  Rhode  Island  *  areas  (the  latte 

>  Kocrstc,  l^ull.  Clcol.  Soc.  Am.,  Vol.  XII,  pp.  398-444. 
Mlaycs,  22(1  Ann.  Kept.  V.  S.  Gcol.  Sun\,  Pt.  Ill,  p.  16. 

•  Lano,  ibid.,  pp.  307-331,  and  Ilcpts.  of  the  Michigan  Geol.  Sunr. 

*  Shalcr,  Woodworth,  Foerste,  Mono.  XXXIII,  U.  S.  Geol.  Surv. 
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Fig.  210. — ^[ap  flmwing  Ihc  ureas  wherr  tlir  IVtinsj'lvaiiinn  i^yiiipni  appears  at  the 
surface  in  North  Amerii'a.  Tlie  map  ulsn  i<lii>ws,  an  in  prpcfding  similar  i-aKM, 
the  nroaN  n-hcre  the  I'ennMylvaiiiaii  i^y-'itoii)  is  tlmitglit  to  cxixt  tlioiigli  liiirie<l 
(line«I  areasl;  the  areoM  where  it  'v  thought  once  to  ll3^■o  exljlwl,  Imt  to  liavo  licen 
removed  by  areas  (clotted);  and  by  inrcrpncc  tlte  iclationa  of  land  am)  wa  during 
the  Pennsylvania n  period. 
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sbown  in  Fig.  241)  were  probably  isolated  from  the  beginnii 
gh  at  the  outset  the  latter  was  considerably,  and  the  former  son 
.,  larger  than  now.  It  is  to  be  understood  that,  as  in  the  case 
ther  systems,  the  present  margins  of  the  Coal  Measures  are  r 
original  margins.  At  many  points,  as  in  Iowa,  Tennessee,  a 
here,  there  are  small  outliers  of  Pennsylvanian  formations  whi 
that  the  system  once  extended  beyond  its  present  borders.^ 

Productive  Coal-fields. 

he  productive  coal  areas  of  the  Pennsylvanian  (Carboniferoi 
m  in  the  United  States  are  five  in  number.     These  are  as  follow: 

1)  The  anthracite  field,^  which    is  confined  to  eastern   Pemis 
i,  and  contains  an  area  of  484  square  miles.    This  aggregi 

includes  several  elongate,  nearly  parallel,  synclinal  basins,  1 
?r  axes  of  which  have  a  northeast-southwest  direction  (Figs,  i 
266).    From  the  adjacent  anticlines,  and  from  the  neighbor] 
ower  synclines,   the   coal-bearing  beds  have   been   removed 
on.      The  strata  of  this  field  may  once  have  been  continue 

those  of  the  next. 

2)  The  Appalachian  field j^  which  extends  from  the  northern  bor< 
VimsylvaniH  to  central  Alabama,  a  distance  of  about  850  ni 
.  lMO\  iMuhraa^s  an  area  of  about  70,800  square  miles,  of  wh 
it  75  jHT  ivnt  contains  workable  coal.  Speaking  in  general  ten 
wtvstern  edgt^  of  the  sharply  folded  Appalachian  belt  forms 
'in  t^l^^  of  the  Appalachian  coal-field.  Barring  a  few  outly 
liiuvs  to  the  eiust,  the  strata  of  this  field  are  gently  undulat 
orizoatal.      The  formations  thicken  to  the  east  and  tliin  to 

Few  l)ed8  of  coal  ai*e  known  to  have  great  extent,  but  the  Pil 

\\\\  iu  the  Monongahela  series,  and  the  Sewanee  bed  in  the  Pol 

series,  scviu  to  hi'  continuous  over  areas  of  several  thousand  squ; 


M)r  del  ails,  SCO  the  geological  reports  of  the  States  where  the  Carboniferous  i 
s  prosoiit.     Suninuiric^s  of  claiwifications  for  Kansas  and  Nebraska  are  gi 
>er)  in  Jour.  C'.col..  \  ol.  VII,  pp.  342-56,  and  Vol.  X,  pp.  703-17. 
laves,  22a  Ann.  Kept.,  V.  S.  Geol.  Sur\\  Pt.  Ill,  p.  15. 
Jtoek.  idem,  pp.   01-117.     Also  Geol.  Surv.  Repts.  of  Pennsylvania, 
dem,  White  (l).\  Caiiipbell  (M.  R.),  Hayes,  and  Haseltine,  pp.  127-2G3.     } 
Geol.  Surv.  Repts.  of  Pennsylvania,  Ohio,  Maryland,  West  Virginia,  Kentuc 
?ssee,  Alabama. 
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3)  The  Northern  Interior  fieldy^  which  is  confined  to  the  southern 
isula  of  Michigan  and  covers  an  area  of  about  11,000  square  miles, 
strata  of  this  field  appear  to  dip  gently  toward  the  center  of  the 
I  (i.e.  toward  the  center  of  the  Lower  Peninsula),  but  the  field 

heavily  covered  with  glacial  drift  that  its  structure  is  less  well 
m  than  that  of  the  other  fields.     The  formations  of  this  basin 
probably  never  connected  with  those  of  the  other  coal-fields. 

4)  The  Eastern  Interior  field  ^  covers  an  area  of  about  58,000  square 
5  in  Indiana,  Illinois,  and  Kentucky  (Fig.  241).    About  55  per 

of  the  area  is  productive.  About  its  borders,  the  beds  of  the 
s  are  gently  inclined,  generally  toward  the  center,  while  in  the 
-al  part  they  are  nearly  horizontal.  This  field  is  set  off  from  the 
xlachian  field  on  the  east,  and  from  the  Western  Interior  field 
he  west,  by  broad  low  anticlines  from  which  the  Coal  Measures, 
er  present,  have  been  eroded.    The  former  connection  of  this  field 

that  to  the  west  is  probable. 

5)  The  Western  Interior  and  Southwestern  fields  ^  constitute  a  nearly 
inuous  area  of  Coal  Measures  formations,  stretching  from  northern 
t  to  central  Texas,  a  distance  of  800  miles,  and  covering  an  area 
4,000  square  miles,  including  parts  of  Iowa,  Nebraska,  Missouri, 
sas,   Arkansas,   Indian  Territory,   and  Texas.     On  the  east   this 

is  limited  by  the  broad  low  anticline  which  borders  the  Eastern 
dor  field  on  the  west.  On  the  west  the  field  is  limited  by  the 
lap  of  younger  formations.  Except  in  Arkansas  and  Indian 
itory,  where  the  strata  arc  folded,  the  beds  of  the  Coal  Measures 
lis  area  are  essentiallv  horizontal. 
S)  The  Xova  Scotian-Neiv  Brunswick  coal-field. — This  lies  on  both 

of  the  Bay  of  Fundy  and  contains  an  area  estimated  at  about 
)0  square  miles.  There  are  numerous  beds  of  coal  several  of 
h  are  workable.  The  coal  is  bituminous  and  of  good  quality, 
rhile  the  Pennsylvanian  system  was  perhaps  less  widespread  than 
Mississippian,  in  the  Mississippi  basin,  the  less  extensive  system 
itimes  overlaps  the  more  extensive,  as  shown  on  the  map  (p.  218), 

Lane,  22d  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  Ill,  pp.  313-331,  and  Repts.  of  the 
Surv.  of  Michigan. 

[bid.,  Ashley,  pp.  271-305,  and  Repts.  of  the  Geol.  Survs.  of  Indiana,  Illinois, 
ventucky. 

ll)id.,  Bain  and  Taff,  pp.  335-413.  Also  State  Geol.  Surv.  Repts.  of  Iowa,  Missouri, 
as,  Nebraska,  Arkansas,  and  Texas. 
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where  the  Pennsylvanian  rests  on  formations  older  than  the  Mis- 
sissippian.  This  is  the  case  in  Illinois/  lowa,^  Indian  Territory ,3 
and  elsewhere.  The  absence  of  Mississippian  formations  in  these 
several  situations  may  be  due  either  to  failure  of  deposition,  or  to 
post-Mississippian-pre-Pennsylvanian  erosion. 

Figs.  242  and  243  illustrate  further  the  constitution  of  the  system 
in  the  east,  and  Fig.  244  its  structure  at  a  point  in  the  western  part 
of  the  Appalachian  Mountain  system. 

East  of  the  Appalachians. — The  Carboniferous  system  occurs  in 
the  \'icinity  of  Narragansett  Bay,'*  where  it  has  an  aggregate  thickness 
of  about  12,000  feet,  and  often  rests  on  beds  of  Cambrian  age.  The 
Mississippian  system  appears  to  be  wanting  in  this  region,  thus  afford- 
ing another  bit  of  evidence  of  the  distinctness  of  the  Pennsylvanian 
and  Mississippian  periods.  The  Pennsylvanian  system  of  this  region 
carries  coal,  which  is,  however,  too  highly  anthracitic  (or  graphitic) 
to  burn  readily.  The  beds  are  much  deformed  and  locally  highly 
metamorphosed.  They  are  associated  with  igneous  rocks,  some  of 
which  are  pre-Carboniferous. 

Carboniferous  rocks  of  undetermined  extent  occur  at  other  points 
in  New  England,*  where  they  are  partly  igneous  (Fig.  245)  or  meta- 
igneous,  and  partly  meta-sedimentary.  They  are  sometimes  so  com- 
pletely metamorphic  as  to  make  the  determination  of  their  age  and 
relations  difficult  and  uncertain. 

Northeast  of  New  England,  in  Cape  Breton,  Nova  Scotia,  and  New 
Brunswick,  the  Pennsylvanian  system  is  extensively  developed.  Its 
general  constitution,  including  rich  beds  of  coal,  is  similar  to  that 
of  the  corresponding  system  in  the  eastern  part  of  the  United  States. 
From  the  nature  of  the  formations,  the  existence  of  conditions  similar 
to  those  in  the  eastern  interior  is  inferred.  In  Nova  Scotia  the  system 
attains  a  thickness  of  some  13,000  feet. 

West  of  the  Great  Plains. — Formations  made  during  the  period 
when  the  Pennsylvanian  system  was  accumulating  in  the  east  are 

*  Reports  of  the  Geol.  Surv.  of  Illinois  and  geological  map  of  Illinois. 
'  Reports  of  the  Geol.  Surv.  of  Iowa  and  geological  map  of  Iowa. 

*  Coaljate  folio,  U.  S.  Cleol.  Surv. 

*Shaler,  Woodworth  and  Foerste,  Geology  of  the  Narragansett  Basin,  Mono. 
XXXIII,  U.  S.  Geol.  Surv. 
•    •  Emerson  and  Perr>-,  Geology  of  Worcester,  Mass  ;  also  Perr>',  Jour.  Geol.,  VoL 
XII,  p.  7. 
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widespread  west  of  the  Great  Plains,  and  probably  underlie  the  Plains 
themselves.  With  rare  exceptions,  these  western  beds,  largely  of 
limestone  and  sandstone,  represent  the  coal-less  phase  of  the  Penn- 
sylvanian  (Upper  Carboniferous)  system,  a  phase  which  is  far  more 
widespread,  the  whole  earth  considered,  than  the  coal-bearing  phase. 
There  is  probably  no  other  continent  where  the  rocks  of  the  period 
are  so  generally  coal-bearing  as  in  North  America;  yet  even  here  the 
coal-less  phase  of  the  system  is  probably  more  extensive  than  the 
coal-bearing.  The  abundant  coal  of  the  west  does  not  belong  to  this 
system,  but  to  later  ones  (Cretaceous  and  Tertiary).  While  there- 
fore there  are  large  areas  where  coal  constitutes  a  part  of  the  Carbon- 
iferoas  system,  the  formations  of  this  period  do  not  all  contain  coal, 
nor  are  all  workable  coal  deposits  referable  to  this  period.     In  this 


^aA 


Fig.  245. — Section  in  southwestern  Massachusetts,  showing  the  position  and  rela- 
tions of  the  Carboniferous  system.  Cti7  =  igneous  rock,  Carboniferous;  Sc  (Con- 
way schist)  and  Sg  (Goshen  schist)  are  Silurian  formations;  Oh  (Hawley  schist), 
Os  (Savoy  schist)  and  Och  (Chester  Amphibolite),  are  probably  Ordovician,  though 
classed  with  the  Silurian  in  the  Hawley  folio.     (Elmerson,  U.  S.  Geol.  Surv.). 

case,  as  in  others  yet  to  be  described,  the  exceptional  and  relatively 
local  phase  has  been  taken  for  the  tj^^e,  partly  because  it  was  the  part 
first  studied,  and  partly  because  it  is  of  great  industrial  importance. 

The  Mississippian  and  Pennsylvanian  sj^tems  have  not  always 
been  differentiated  west  of  the  Great  Plains.  With  rare  exceptions, 
the  formations  of  this  system  (or  of  the  two  systems  together)  are 
such  as  to  indicate  that  marine  conditions  prevailed  in  the  west. 
Locally  at  least  (p.  508),  sedimentation  was  interrupted  at  the  close 
of  the  Mississippian  period,  and  the  tendency  of  the  rapidly  increasing 
knowledge  of  the  west  is  toward  the  view  that  unconformity  between 
the  Lower  and  Upper  Carboniferous  is  somewhat  widespread.^  Fur- 
thermore, the  formations  of  the  Pennsylvanian  period  are  not  in  gen- 
eral so  widespread  as  those  of  the  Mississippian,  thus  affording  evidence 
as  significant  as  that  of  unconformity  of  the  geographic  changes  of  the 
time. 

From  the  nature  of  the  formations,  it  is  clear  that  sedimentation 
in  the  western  part  of  the  continent  was  effected  under  conditions 

*    See  foot-note,  p.  510. 
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different  from  those  which  prevailed  farther  east.  In  the  region 
roduetive  coal,  marine  conditions  seem  to  have  recurred  more 
lently  and  to  have  been  of  longer  duration  in  the  western  coal- 
;  than  in  the  eastern.  These  relations  suggest  that  now  and 
I  the  marine  conditions  of  the  west  extended  to  the  east,  as  the 
b  of  subsidence  in  that  direction,  though  it  does  not  appear  that 
;ea-water  at  any  time  became  deep  within  the  regions  where  the 
occurs.  On  the  other  hand,  it  now  appears  that  the  conditions 
e  east  sometimes  prevailed,  at  least  locally,  in  the  west,  for  car- 
ceous  beds,  and  even  beds  of  coal,  are  known  in  the  system  in  Ari- 
^  and  perhaps  in  New  Mexico.^  In  some  parts  of  the  west,  the 
oniferous  system  includes  formations  which  closely  resemble 
'  Red  Beds  "  of  the  Permian.  This  is  true,  for  example,  in  some 
;  of  Nevada,^  where  the  separation  of  the  Pennsylvanian  system 
the  Permian  is  not  very  distinct,  or  has  not  been  carefully  worked 

he  Carboniferous  (Pennsylvanian)  system  of  the  west  includes 
)rts  of  sedimentary  rocks,  among  which  are  considerable  thick- 
is  of  limestone.  They  are  exposed  at  many  points  (Fig.  240) 
their  existence  over  wide  areas  where  they  are  now  covered  bj 
deposits  is  certain.  The  Carboniferous  of  the  west  is,  however,  not 
nuous.  Numerous  islands  of  older  rock  probably  maintainec 
iselves  throughout  the  period,  and  a  large  area  of  land  existec 
ighout  the  Paleozoic  era  in  western  Nevada  (west  of  long.  117°^ 
had  an  unkno^^^l  extension  north  and  south, 
n  the  Carboniferous  system  of  some  parts  of  Colorado  (Ell 
ritains  and  Sangre  de  Cristo  range)  and  New  Mexico,  there  is  i 
ble  unconformity,  with  great  accumulations  of  conglomerate, 
)  to  6000  feet  thick,  at  the  base  of  the  upper  (probably  Penn 
mian)  system.  Some  of  the  bowlders  of  the  conglomerate  ar( 
to  be  50  feet  in  diameter.  The  unconformity  seems  not  to  h 
ersal,  and  the  conglomerate  is,  so  far  as  known,  rather  local.  Botl 
lomena   have    been   attributed   to   notable   orogenic   movements 

Blake,  Am.  Geol.,  Vol  XXVII,  1901,  p.  161;  also  Dumble,  Am.  Geol.,  Vol.  XXX 

3. 

southwest  of  Las  Vegas,  unpublislied  evidence. 

Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  pp.  166-173. 

Emmons,  Orogenic  Movements  in  the  Rocky  mountains,  Bull.  Geol.  Soc.  Am, 

I. 


THE  PENNSYLVANIAN  PERIOD,  553 

and  to  the  great  erosion  which  followed.  Beds  of  finer  sediment  suc- 
ceed the  conglomerate.  On  the  basis  of  fossils,  the  older  beds  of  the 
Pennsylvanian  system  in  Colorado  are  thought  to  be  older  than  the 
basal  beds  of  the  same  system  in  Nebraska  and  Kansas.^ 

West  of  the  Great  Plains  the  outcrops  of  the  Carboniferous  strata 
often  occur  about  the  areas  of  older  rock,  where  uplift  and  erosion 
have  exposed  them.  They  appear  as  narrow  borders  about  various 
mountain  ranges  in  South  Dakota,  Montana  (mostly  Mississippian), 
Idaho,  Wyoming  2  (where  submergence  was  much  more  extensive  in 
the  Pennsylvanian  than  in  the  Mississippian  period),  and  Colorado. 
Some  of  the  fault-block  and  monoclinal  ^  moimtains  of  the  west  are 
composed  largely  of  Carboniferous  limestone,  and  here  the  outcrops 
cover  large  areas.  The  same  formations  appear  at  the  surface  in 
large  areas,  in  the  southwest,  especially  Arizona,  not  in  immediate 
association  with  mountains  (Fig.  240).  In  Nevada,  the  Carboniferous 
(Mississippian  or  Pennsylvanian)  formations  rest  on  Cambrian  or 
Ordo\dcian  with  apparent  conformity.'* 

Figs.  246  to  251  show  the  positions  and  relations  of  the  Mississippian 
and  Pennsylvanian  systems  at  various  points  in  the  west.  In  most 
cases  the  sections  are  from  regions  where  the  strata  have  been  much 
disturbed  by  folding,  faulting,  and  the  irruption  of  igneous  rock.  In 
all  cases  the  Carboniferous  beds  are  indicated  by  C,  or  some  com- 
bination of  letters  beginning  with  C  Fig.  246  shows  the  Carbon- 
iferous system  of  the  Black  Hills,  somewhat  deformed,  resting  on  the 
Cambrian,  and  largely  covered  by  younger  formations.  Fig.  247 
shows  the  relations  of  the  systems  in  the  Yellowstone  Park;  Fig.  248 
(Colo.)  shows  the  system  affected  by  igneous  rock;  Fig.  249  (Utah) 
shows  the  system  where  it  has  been  notably  affected  by  intrusions  of 
igneous  rock,  the  latter  having,  in  its  ascent,  torn  off  and  included 
masses  of  the  stratified  rock;  Fig.  250  (Ariz.)  represents  a  section 
where  faulting  has  produced  complicated  stratigraphic  relations ;  while 
251  (Cal.)  shows  the  system  where  it  is  notably  deformed  and  meta- 
morphosed.   Figs.  244  and  245  show  the  system  in  still  other  relations. 

West  of  the  Paleozoic  land  area,  which,  in  the  \dcinity  of  the  40th 

»  Girty,  Professional  Paper,  No.  16,  pp.  258-267. 

'Knight,  Bull.  45,  Wyoming  Experiment  Station,  1900. 

»  Keyes,  Am.  Jour.  Sci.,  Vol.  XV,  1903,  p.  207. 

«  Weeks  (cited  by  Spurr)  and  Spurr.  Bull.  208.  U.  S.  Geol.  Surv.,  pp.  32  and  166-172. 
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parallel,  lay  west  of  the  117th  meridian,  Carboniferous  strata  are  known 
at  various  points.    They  make  up  the  body  of  the  Blue  mountains 


Fig.  249. — Section  showing  the  relations  of  the  Carboniferous  system  at  one  point 
in  the  vicinity  of  Tintic,  Utah.  €  (Tintic  qiiartzite)  =  Cambrian;  C  (Mammoth 
limestone)  =  Carboniferous;  rm  (monzonite)  and  srh  (rhyolite) » igneous  rock; 
Pa/ = alluvium.  The  section  shows  that  much  of  the  sedimentary  rock  was  dis- 
turbed and  displaced  by  the  extrusion  (or  intrusion)  of  the  lava.  Length  of  sec- 
tion about  3  miles.     (Tower,  U.  S.  Geol.  Surv.) 

in  Oregon/  they  occur  in  the  Klamath  mountains  of  northern  Cali- 
fornia and  southern  Oregon,^  at  many  points  in  the  western 
portion  of  the  Sierras  in  California,^  and  probably  in  the  Cascade 
Moimtains  of  Washington."*  It  is  possible  that  the  Carboniferous  seas 
surrounded  the  great  land  area  which  lay  between  longitude  117® 
and  121°  in  the  vicinity  of  the  40th  parallel,  and  which  had  an  imknown 
extension  north  and  south. 

North  of  the  United  States,  Carboniferous  strata  (l^-rgely  Lower 
Carboniferous)  outcrop  on  the  west  side  of  the  northward  continu- 
ation of  the  Great  Plains,^  and  perhaps  on  the  east.    The  strata  of 


«ooo 


Fig.  250. — Structure  near  Bisbee,  Ariz,  ps =pre-Cambrian;  €b  and  i?a«  Cam- 
brian; Z>m=' Devonian;  Afe=Mississippian;  Ca  =*  Pennsylvanian ;  Q/d=»  Quater- 
nary; 9p= granite  porphjrry  (Triassic  or  Jurassic).  Length  of  section,  a  little  more 
than  one  imle.    (Ransome,  U.  S.  Geol.  Surv.) 

these  belts  are  probably  continuous  beneath  the  younger  strata  which 
occupy  the  surface  between  them  and  they  are  probably  also  con- 

«  Lindgren,  Science,  Vol.  XIII,  N.  Ser.  1901,  p.  271. 

'  Diller,  Am.  Jour.  Sci.,  Vol.  XV,  p.  348,  1903. 

»  Folioa  U.  S.  Geol.  Sur\'.,  and  King,  Geol.  Surv.  of  40th  Parallel,  Vol.  I. 

*  Smith,  G.  O.     Mount  Stuart,  Wash.,  folio,  U.  S.  Geol.  Sur\'. 

•Dawson,  Science,  March  15,  1901. 
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ious  to  the  southward  with  the  Carboniferous  formations  of  tl 
ted  States. 

The  system  is  widespread  on  both  sides  of  the  Gold  range  of  Britii 
imbia.    West  of  that  range,  the  formations  of  the  system  (inclu( 


251. — Section  showing  the  Carboniferous  in  the  Sierras  of  central  Califom 

(Calaveras    formation)  =  Carboniferous;     J    (Mariposa    slates)  =  Jurassic;   » 

=  metadiorite;    ams  =  amphibolite  schist;  iV"=  igneous  rock  of   various  sorts, 

eocene  age.     Length  of  section  about  6 J  miles.      (Ransome,  U.  S.  Geol.  Sur 

the  Lower  Carboniferous)  contain  much  volcanic  rock,  the  great 
of  which  was  extruded  before  the  close  of  the  period.  The  igneo 
vdty  of  the  time  extended  northward  beyond  the  boundaries 
ish  Columbia  into  the  little-known  Northwest  Territory,^  ai 
hward  into  the  United  States.  The  Pennsylvanian  system  2 
inued  northward  into  Alaska,  where  it  is  less  wide-spread  than  t 
lissippian  so  far  as  present  knowledge  goes.  In  the  arctic  regie 
jnerica,  the  Mississippian  and  Pennsylvanian  are  not  differentiate 
one  or  both  are  believed  to  be  somewhat  widespread.  The  sai 
ems  also  find  meager  representation  in  Mexico  and  Central  Ameri* 

Sections  of  the  Mississippian  and  Pennsylvanian  Systems. 

rhe  following  sections  of  the  Pennsylvanian  system  (togetl 
1  the  Mississippian  and  in  some  cases  the  Permian)  at  varic 
its  within  the  United  States,  supplement  those  given  in  t 
endix  and  give  some  idea  of  the  range,  variations,  and  relatic 
le  system: 

*  Dawson,  Science,  March  15,  1901. 

*  Brooks,  Professional  paper,  p.  19. 
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Section  in  Northern  Pennsylvania.* 


Named  of  Formations. 


^ 


Summit  removed  by  eroeion 

Pottsville  formation.  .  . 

Sharon  conglomerate.  . . 

Uneonformity. 
^  s  r  Mauch  Chunk  shale.  .  . . 

i  =  -!  ^srwayo  formation 

;^  r"  ^  (Lower  part  of  Owayo  prob- 
*«^-^  V      ably  I>evonian.) 


Thickness 
in   Feet. 


200 
60-100 


0-40? 
1000  ± 


Charac  teristics. 


Sandstone,  black  slialc,  and  fire-clay,  with 

a  three-foot  coal-bed  in  the  upper  part. 
White  quartz  conglomerate  and  sandstone. 


Red  shale. 

\'aricolored  sandstone  and  shales. 


Section  in  Southwestern  Pen.nsylvania.' 


Names  of  Formations. 


.:.  5 


o 

&* 


'  Summit  removed  by  erosion 
i  Dunkard  series 


*-     L 


Monongahela  series 


-^  \  Conemaugh  series 


X 


zl     Allegheny  series 

[  Pottsville  sandstone. 


Unconformity. 
'  Mauch  Chunk  shale. 


1\ 
1 


Pocono  sandstone. 


Devonian. 


Thickness 
in  Fetft, 


400  + 


380  ± 


590  ± 

270  ± 
180± 


250 


300  + 


Charac  terist  ics. 


Hhie  to  black  limestone,  weathering  wlute; 
coarse  sandstone  at  the  base;  contains  a 
number  of  thin  coal-beds. 

Blue  limestone  with  calcareous  shale-beds; 
lentils  of  sandstone  and  coal;  the  most 
important  coal-l)earing  formation  in  south- 
western Pennsylvania,  and  contains  the 
Pittsburg  coal  seam. 

Chiefly  red  and  green  shales,  with  inter- 
stratified  beds  of  coarse  sandstone  and 
thin  beds  of  coal. 

Shales,  sandstone,  and  three  important  coal- 
beds. 

Crenerally  coarse  hard  sandstone  or  con- 
glomerate, inclasing  a  thin  irregular  bed 
of  shale;  equivalent  to  the  uppermost 
beds  of  the  Pottsville  formation  in  the 
type  locality. 

Red  and  green  shales  with  beds  of  greenish 
sandstone,  inclosing  a  lentil  of  blue 
fossiliferous  limestone,  which  is  the  thin 
edge  of  the  Greenbrier  limestone  of 
\'ii:ginia. 

Sandstone,  varj-ing  from  thin-bedded 
flagg\'  rock  to  coarse  irregularlv  bedded 
conglomerate;  beds  of  silicious  limestone 
at  the  top. 


Strata  in  broad  gentle  folds. 

*  Fuller,  Gaines  (Penn.)  folio,  U.  S.  Geol.  Surv. 

'Campbell,  Masontown-Uniontown  (Penn.)  folio,  U.  S.  Geol.  Sur\'. 
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Generalized  Section  for  West  Virginia.* 


Names  of  Formations. 


Dunkard  series. 


Monongahela  series 


Elk  River  series  or  Bar- 
ren Measures 

(Corresponds  to  Conemaugh 
series.) 


Allegheny    (including 
Kanawha)   series 


Pottsville  conglomerate . 


Unconformity. 


Maucli  Chunk  shales.  . 


Thickness 
in  Feet 


1020 


381 


584 


264 


200-1500 


Mountain    or  Greenbrier 
limestone 


Pocono  sandstone. 


150 


90 
200 


cvonian. 


380 


Characteristics. 


Red  shales,  massive  sandstones,  thin  lii 
stones,  and  a  few  thin  beds  of  w 
rocks  slightly  gypsiferous;  fresh-wj 
deposits. 

Much  limestone;  a  little  red  shale;  sc 
massive  sandstones,  one  of  which  is 
the  uppermost  "  oil  sand  "  vet  develop 
in  the  Appalachian  field;  five  coal-b< 
the  most  imjwrtant  of  whichis  the  Pi 
burg  seam;  Permo-Carboniferous  fl( 
fresh-water  fauna. 

Much  Fed  shale  in  upper  two  thirds;  Pen 
Carboniferous  fauna  and  flora;  t 
limestones,  three  or  four  thin  coal-b< 
several  important  sandstone  beds,  ' 
of  which  carry  oil.  Lower  half  of  se 
of  marine  or  littoral  origin. 

Dark  shales  and  gray  sandstones,  with 
important  coal-beds    and   two  or  tl 
thin  beds  of  limestones;  one  oil   and 
liorizon;     marine    fossils;     typical    ( 
Measures  flora. 

Massive  pebbly  sandstones,  usually'  beai 
salt  water;  separated  by  dark  shj 
which  hold  thin  coal  seams  at  the  nc 
and  important  ones  at  the  south. 

Soft  red  shales  interstratified  with  gr 
sandstones  and  impure  limy  beds.  8e 
thins  and  disappears  westward;  thi 
ness  given  is  for  Monongahela  ; 
Marion  Counties. 

Hard  gray  limestone. 

Big  Injun  oil  sand,  including  Keener  s^ 
horizon   at   the   top;     one   of   the   n: 
important  oil   and   gas   horizons   in 
State. 

Sliales  and  sandstones,  including  Smii 
Ferry  oil  sand,  and  possibly  Berea. 


^Vhite,  West  Virginia  Geol.  Surv.,  Vol.  I,  p.  212.     The  section  for  Marylanc 
similar  to  the  above.     See  Prosser,  Jour,  of  Geol.,  Vol.  IX,  pp.  422-429. 
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Section  in  Western  Virginia.* 


Names  of  Formations. 


Thickness 
in  Feet. 


Summit  removed  by  erosion. 

Wise  formation 

Gladeville  sandstone.  . . 
Norton  formation 


3 

> 


a 


Lee  formation. 


c 

ai 

1 


Unconformity. 
'  Pennington  shale . 


Newman  limestone. 


Grainfjer  formation 

The  lower  part  of  this  forma- 
tion is  E^vonian. 


100  + 
100 
1200-1300 

1500  ± 


1040-1100 
1000  ± 

1000-1500 


Characteristics. 


Shale,  sandstone,  and  coal-beds. 

Coarse  sandstone,  locally  conglomeratic. 

Shale,  sandstone,  and  coal-beds;  the  import- 
ant coal-bearing  formation  of  the  region. 

Coarse  massive  conglomerate;  shale  with 
coal-seams;  sandstone,  generally  free 
from  pebbles,  with  shale  layers;  shale 
with  coal-seams;    massive  sandstone. 

Red  and  green  argillaceous  shale;  occasional 
beds  of  sandstone  and  impure  limestone. 

Calcareous  shale  with  beds  of  impure  lime- 
stone; heavy-bedded,  blue  limestone, 
slightly  cherty  toward  the  base. 

Argillaceous  and  calcareous  shale;  sandy 
shale,  and  thin-bedded  sandstone. 


Strata  folded  and  faulted. 


Section  in  Southern  West  Virc.im.v  and  Western  Virginia.* 


Names  of  Formations. 


> 


a 


Upper  part  wanting. 
Charleston  sandstone. 
Kanawha  formation.  . 


Guyandot  sandstone.  . . 
HaWey  conglomerate.  . 

Sewell  formation 

Raleigh  sandstone 

Quinnimont  shale 


Clark  formation 

,  Pocahontas  formation.  . 

'  Blueetone  formation. .  . 


a 

a 


Princeton  conglomerate. 

Hinton  formation 

Bluefield  shale 

Greenbrier  limestone. . . 


Pulaski  shale. . . 
Price  sandstone. 


Thickness 
in  Feet. 


Characteristics. 


500  + 
1000  ± 


10-100 
0-50 
650-700 
300 
300 

380 
360 

800 

40 

1250-1300 

1250-1350 

1500 


20-300 
200-300 


Coarse  sandstone  with  beds  of  coal. 

Sandy  and  argillaceous  shales;  soft  sand- 
stone, and  numerous  seams  of  coal,  many 
of  workable  thickness. 

Coarse  sandstone  or  conglomerate  (lentil). 

Massive  conglomeraate  (lentil). 

Sandy  and  argillaceous  shale  and  sandstone. 

Coarse  sandstone  in  heaw  beds. 

Shale  with  thin  beds  of  sandstone  and  a 
few  coal-seams;    Quinnimont  coal-bed. 

Sandstone  with  some  shale  and  coal-beds. 

Pocahontas  TNo.  3)  bed  of  coal;  gray  and 
green  amllaceous  sandstone  and  shale. 

Purple  sh£ue  and  thin  red  sandstone,  with 
calcareous  beds,  sometimes  taking  the 
form  of  limestone  conglomerate. 

0)arse  sandstone  or  conglomerate;  calcare- 
ous matrix  locally. 

Purple  shale,  green  and  purple  sandstone, 
and  impure  limestone  or  calcareous  shale. 
Blue  limestone  and  calcareous  sandstone; 
calcareous  shale. 

Alternating  shale,  and  hea\*>'' -bedded,  blue 
fossiliferous  limestones;  heavy  beds  at 
base  carry  black  chert. 

Bright  red  or  purple. 

Coarse  yellow  sandstone  interbedded  with 
sandv  shale  and  coal-beds. 


Strata  gently  folded. 

»  Campbell,  Bristol,  Va.-Tenn.  folio,  U.  S.  Geol.  Surv.     Unconformity  between  the 
Pennington  and  Lee  formations  is  implied,  but  not  affiirmed,  in  the  text  of  this  folio. 
» Campbell,  Pocahontas,  Va.-W.  Va.  folio,  U.  S.  Geol.  Surv. 
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Section  : 

[N  East-Central  Kentucky.* 

Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

r  Summit  removed  by  eroeion. 
Corbin  conglomerate. .  . . 

Unconformity. 
Lee  formation 

90 
250-300 

0-90 
100-200 
350-420 

Coarse    pink    sandstone    or    conglomer 
(lentil). 

Shale  and  sandstone   with  coal-beds;  o 

Rockcastle     conglomer- 
ate lentil 

crops  of  coal  are  of  limited  extent;   n 
on  Pennington  shale  in  places. 

Coarse  conglomerate,  miconformable  on 

Unconformity. 

'  Pennington  shale 

Newman  limestone 

Waverly  fonnation 

Devonian. 

Pennington  shale  or  on  Newman  limesto 

Red  and  green,  with  thin  beds  of  limesto 
Blue,  slightly  cherty  near  the  base. 
Fine   green    shale  with    iron    concretic 

green,  calcareous,  and  argillaceous  sa 

stone. 

rata  nearly  horizontal. 


Section  for  Ohio.' 


Names  of  Formations. 


lan. 
Dunkard  series. 


'  Monongahela  series 

Conemaugh  series 

Allegheny  series 

^  Pottsville  conglomerate. . 

Unconformity. 

Maxville  limestone 

Logan  group 

Black   Hand   conglomer- 
ate  

Cuyahoga  shale 


Sunburv  shale. 
Berea  grit.  .  . . 


Bedford  shale 
Devonian. 


Thickness 
in  Feet. 


525 

200-250 

400-500 

165-300 

250  ± 


25  ± 
100-150 

50-500 
150-300 


5-30 
10-135 


50-150 


Characteristics. 


Sandstone,  generally  massive;  shales,  IL 

stones,   and  thin  coal-beds;    beds  n 

marine  at  least  in  part. 
Shales,  limestones,  and  sandstones;  im] 

tant  coal-beds. 
Upper  part  mainly  shales ;  lower  part  sa 

stones,  with  some  shale  and  limestoi 
Shales,    limestones,   and    sandstones,  v 

important  coal-beds. 
Light-colored  sandstones  and  conglomera 

\\ith  some  shale  and  a  few  coal-beds. 

Fossiliferous  limestone,  often  brecciated 
Sandstone,  massive  conglomerate,  and  sh 

Sandstone  and  fine  conglomerate. 
Light-colored,  argillaceous,  with  thin  sa 

stone  bands;    shales  contain  femigii 

nodules. 
Black  bituminous  shale. 
Sandstone,  important  for  building  purp 

and  for  grindstones;   locally  a  reposit 

for  oil,  gas,  and  brine. 
Thin-bedded   shales,   with   occasional  \ 

beds  of  sandstone. 


rata  dip  at  low  angles. 

^'ampbell,  Richmond  (Kv.) 
^rosser.  Jour,  of  Geol.,  Vol. 
3-39. 


folio,  U.  S.  Geol.  Surv. 

XI,  pp.  520-521;  Orton,  Geol.  Surv.  of  Ohio,  Vol. 


THE  PENNSYLVANIAN  PERIOD, 


561 


Section  in  Northern  Missouri.* 


Names  of  Formations. 


Thickness 
in  Feet. 


Characteristics. 


c 

.23 
'a 
as 


OQ 

c 

Cm 


'  (Not  subdivided) 


c 

as 

a 
a 

'i 


J.  22 


S 
'3 

o 


' 


CO 


Pleasonton  shales. 


Henrietta  formation. 


Cherokee  shales. 


Unoonformity. 
Discontinuity. 

Kaskaskia  limestone.  . 

Aux  Vases  sandstone. . 
St.  Genevieve  limestone 
St.  Louis  limestone.  .  . 
Warsaw  formation. .  . . 


r  Keokuk  formation. 


Discontinuity. 

Upper  Burlington  lime- 
stone  

Lower  Burlington  lime- 
stone  

[  (Unnamed) 


o 

c 


'  Hannibal  shales. 


Louisiana  limestone. 


1000 

150 
90 
100-400 
150 


90 


100 


200 

80 

50 

150 

80-100 

50 


50 

9 
72 

48 


Devonian. 


Shales  and  limestones,  the  former  pre- 
dominant. 

Shale  and  sandstone. 

Shale  and  limestone. 

Shale  and  sandstone. 

Shale  and  sandstone;  occasional  thin 
beds  of  concretionary  limestone,  and 
one  or  two  thin  beds  of  coal. 

Shales,  resistant  limestones,  sandstones, 
and  clays;  one  or  two  beds  of  coal  of 
commercial  importance. 

Conglomerate  at  the  base,  grading  into 
sandstone  above  and  this  into  shale; 
coal-beds  and  occasional  beds  of 
limestone  of  limited  extent. 

Thin  beds  of  gray  limestone  and  bluish 

marl,  rich  in  fossils. 
Fine-grained  ferruginous. 
Thick-bedded. 

Heavy-bedded,  gray,  o5litic  at  base. 
Gray  and  bluish-gray  limestone;  fossils 

numerous. 
Limestone,  massive,  compact,  white  in 

color  and  highly  fossiliferous. 

Thin-bedded  at  the  top,  more  massive, 
encrinital  below;  cherty. 

White,  bluish  or  brown  in  color;  heavy- 
bedded;  largely  encrinital. 

Yellow,  massive  or  thick-bedded,  rather 
soft,  fine-grained  limestone.' 

Green,  sandy  above;  brown,  sandy, 
grading  into  soft  sandstone. 

Buff  to  gray,  compact,  fine-grained  in 
thin  layers;  siinilar  to  lithographic 
stone  in  texture. 


*  Pennsylvanian  section  is  generalized  for  the  northern  part  of  the  state;  Mar- 
jut,  Missouri,  Geol.  Surv.,  VoL  XII,  pp.  267-269.  The  Mississippian  section,  above 
;he  Keokuk,  is  for  St.  Genevieve  Co.;  Shumard,  Geol.  Surv.  of  Missouri,  1855-71, 
jp.  292-293,  and  Keyes,  Missouri,  Geol.  Surv.,  VoL  IV,  p.  48.  Below  the  Keokuk, 
he  section  is  that  exposed  at  Louisiana,  Mo.;  Proc.  Iowa  Acad.  Sci.,  1896,  VoL  IV, 
>p.  26^27. 

'  This  bed  has  been  correlated  with  the  Chouteau  limestone  which  is  well 
leveloped  in  central  and  southwestern  Missouri,  but  this  correlation  is  probably 
ncorrect. 
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Section  in  Arkansas.* 


Names  of  Fonnations. 


o 

I 


Potean  beds.  .  .  . 
Productive  beds. 


Barren  beds 

Discontinuity. 
Millstone  grit.  . .  . 


'  Kessler  limestone. 
Coal-bearing  shale. 


Pentremital  limestone. 

Washin^on  sandstone 
and  shale 


Archimedes  limestone. 

Marshall  shale 

BatesviUe  sandstone. . 

Spring  Creek  black  shale 
and  limestone 


Wyman  sandstone.  . .  . 
Boone  chert   (including 
St.  Joe  marble) 


Sylamore  sandstone.  . . 

Eureka  shale 

Unconformity. 


Silurian. 


Thickness 
in  Feet. 


3500 
1800 

18480 
500 


3-15 
60-90 

0-90 


40-75 

0-80 

0-250 
10-200 

300 
0-9 
370 

0-40 
0-50 


Characteristics. 


Not  described  in  detail. 
Mainlv  shales  and  sandstones  with  some 
coal-beds. 


Sandstones  and  conglomerates;  friable 

to  hard  and  compact;  buff  or  brown; 

occasionally  thin  seams  of  limonite. 
Thin-bedded. 
Highly    fossiliferous;    coal  seams   &-14 

inches  thick. 
Impure,    dark-colored,    loose-textured; 

sometimes  interbedded  with  sandstone. 

Sandstone  and  gray  shale  in  varying 
proportions. 

Light  gray  limestone,  rich  in  Archi- 
medes. 

Black,  bituminous  shale. 

Sandstone,  sometimes  massive  cross- 
bedded  in  places. 

Black  to  bluish  or  yellowish  brown  in 

color. 
Sandstone,  rather  soft. 

Interbedded  strata  of  chert  and  lime- 
stone in  varying  proportions;  contains 
St.  Joe  marble,  25-40  feet. 

Hard  or  saccharoidal  sandstone  and 
thin-bedded  black  shale;  phosphates. 


"he  section  above  the  Millstone  Grit  is  for  the  Arkansas  River  valley;  that  below, 
e  northern  part  of  Arkansas.  Adams,  22d  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II, 
1-89;  Simonds,  Ark.  Geol.  Surv.,  Ann.  Rept.  1888,  Vol.  IV,  pp.  26-106;  Hopkms, 
1890,  Vol.  IV,  pp.  90-94,  253;  Penrose,  ibid.  1890,  Vol.  I,  pp.  129-139;  Williams, 
1892,  Vol.  V,  pp.  273-322;  Branner,  Am.  Jour.  Sci.,  4th  series.  Vol.  II,  1896, 
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Section 

IN  Northern  Texas.* 

Names  of  Formations. 

ThickneM 
in  Feet. 

Characteristics. 

f  Albany  division 

0-1180 

840 

800-930 

950-3700 
1000 

Thick     beds     of    limestone,     generally 

separated  by  shaly  layers. 
Shales,   with   thin   beds   of   limestone. 

c 
c 

Cisco  division 

> 

Canyon  division 

sandstone,  conglomerate  and  coal. 
Limestone  and  shale  with  local  beds  of 

c 
c 

Straw  division 

sandstone  and  conglomerate;  no  coal. 
Sandstone  and  shale;  no  coal. 

Ph 

Millsap  division 

Blue  and  black  shale  interstratified  with 

Ordovician? 

occasional    limestone  and   sandstone 
strata. 

Section  in  West-Central  Colorado.* 


Names  of  Fonnations. 


Jura-Trias 


Thickness 
in  Feet. 


§ 


a 
c 
o 

PU, 


Unconformity. 


Maroon  conglomerate 


Faunal  break .' 

^  Weber  limestone. . . . 
,  Unconformity. 

i  S  f 

g  'a '  Leadville  limestone.  . 

53.2" 

OB     ^ 

Silurian. 


2500 


2000 


100-650 


400-525 


Characteristics. 


Conglomerate  and  sandstone  in  heavy 
beds;  material  is  derived  chiefly  from 
the  Archean,  but  some  of  the  con- 

§lomerate  contains  limestone  pebbles 
erived  from  the  Mississippian  beds; 
occasional  thin  beds  of  fossiliferous 
limestone. 
Quartzose  conglomerate,  grit  and  sand- 
stone, with  var}'ing  amounts  of 
pebbles  derived  from  the  Weber  and 
Lead\ille  formations,  sometimes  form- 
ing the  bulk  of  the  deposit;  thin 
interbedded  layers  of  fossiliferous 
limestone. 

Dark  gray  to  black  shale,  with  limestone 
beds  carrying  black  chert. 


The  upper  third  massive,  blue  and 
cavernous;  lower  two  thirds  bedded 
gray  to  brown;  dark  cherts. 


Rocks  faulted  and  somewhat  folded. 


•  Cummins,  Geol.  Surv.  of  Texas,  2d  Ann.  Rept.,  pp.  361-375. 
'Eldridge,  Anthracite-Crested  Butte  (Colo.)  folio,  U.  S.  Geol.  Surv. 

•  Girty,  Professional  Paper  No.  16,  pp.  258-267. 
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The  Coal. 

"he  general  conditions  under  which  sandstone,  shale,  and  lime- 

5  originate  have  already  been  stated,  and  need  not  be  here  repeated, 

in  the  discussion  of  the  formations  of  the  preceding  periods  there 

been  no  occasion  to  consider  the  formation  of  coal.    From  its 

3mic  importance,  this  sort  of  rock  has  been  studied  with  more 

than  most  others,  and  geologists  are  agreed,  in  a  general  way 

ast,  as  to  its  mode  of  origin. 

Tigin. — ^There  is  no  doubt  that  the  coal  is  of  vegetable  origin. 

pt  by  the  accumulation  of  vegetable  matter,  no  way  is  known 

rhich  such  beds  of  carbon  could  be  brought  into  existence.    Fur- 

nore,  the  coal  and  its  associated  shales  contain  abimdant  remains 

ants,  and  sometimes  even  recognizable  tree-trunks,  in  the  form  of 

and  microscopic  study  has  revealed  the  remarkable  fact  that  the 

itself,  even  the  hardest  anthracite,  is  often  but  a  mass  of  altered, 

gh   still   recognizable,  vegetable  tissues.    CJonceming   the   exact 

ler  in  which  the  beds  of  vegetable  matter  accumulated,  there 

me  difference  of  opinion,  and  concerning  the  conditions  under 

h  it  was  converted  into  the  various  sorts  of  coal,  there  is  still 
1 

• 

[uch  of  the  coal  is  essentially  pure,  containing  little  matter  of 
sort  which  was  not  in  the  plants  which  gave  origin  to  it.    Purity 

not  mean  freedom  from  ash,  since  mineral  matter,  which  on 
)ustion  becomes  ash,  is  present  in  all  plants.^    Along  with  the 

amount  of  coal  which  is  pure,  or  nearly  so,  there  is  much  which 
lins  some  admixture  of  earthy  matter.  Where  the  admixture 
jthy  matter  is  small,  the  coal  may  still  be  used;  but  from  poor 
of  tliis  sort,  there  are  all  gradations  into  carbonaceous  shale,  the 
mtage  of  carbon  becoming  so  low  as  to  show  itself  only  in  a  black 
.  Black  shales  are  common  associates  of  coal-beds, 
he  purity  of  many  coal-beds,  not  only  locally  but  over  great  areas, 
s  to  warrant  the  conclusion  that  such  beds  were  made  of  vegeta- 

wliich  grew  where  the  coal  now  is.    The  vegetation  concerned 

)iscussions  concerning  the  origin  of  coal  are  to  be  found  in  many  of  the  geological 
ts  of  the  States  where  coal  occurs,  notably  Ohio,  Pennsylvania,  Illinois,  Iowa, 
uri,  and  Arkansas. 

ilany  of  the  modem  allies  of  the  coal-plants  contam  as  much  as  five  per  cent 
ii,  and  some  as  much  as  twenty. 
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was  land  or  swamp  vegetation.  Had  it  been  washed  down  from  the 
land  where  it  grew  into  the  mtuations  where  the  coal  is,  and  appar- 
ently there  is  no  other  way  in  which  it  could  have  been  drifted  together, 
it  should  have  been  mixed  with  earthy  sediment,  and  the  product, 
even  where  the  vegetable  matter  had  undergone  the  necessary  changes, 
would  have  been  very  unlike  the  purer  coal-beds  now  known.  Fur- 
thermore, the  nearly  uniform  thickness  of  many  of  the  coal-beds  ovct 
great  area^,  sometimes  many  thousand  square  miles,  constitutes  a 
strong  objection  to  the  hypothecs  that  it  was  drifted  together  by 
any  process  whatsoever. 

In  support  of  the  theory  that  the  vegetation  grew  where  the  coal- 
beds  now  are,  many  facts,  in  addition  to  the  purity  and  the  uniformity 


of  thickness  already  cited,  may  be  noted.  Thus  (1)  beneath  each 
coal-bed  there  is,  as  a  rule,  a  layer  of  clay  often  filled  with  roots  in 
the  portion  of  growth.  The  clay  seems  to  have  been  the  soil  in  which 
the  coal  vegetation  was  rooted  in  the  earliest  stages  of  the  accumu- 
lation. (2)  In  association  with  the  coal-beds,  the  stumps  of  trees 
are  sometimes  found  still  standing  as  they  grew  (Fig.  252).  (3)  In 
the  coal-beds,  or  in  the  associated  layers  of  shale,  imprints  of  the  fronds 
of  ferns  are  found.  They  are  often  so  numerous  and  their  forms  so  per- 
fect as  to  indicate  that  they  were  buried  where  they  fell,  rather  than 
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they  were  drifted  by  moving  waters  from  one  place  to  another, 
"he  layer  of  rock  next  overlying  a  coal-bed  often  contains  abundant 
ins  of  vegetation,  especially  in  its  lower  part,  as  if  the  condi- 

which  brought  about  its  deposition  resulted  in  the  destruction 
3  forest  growths  which  had  preceded.  In  such  situations,  tnmks 
es  50  and  60  feet  long,  and  2  or  3  feet  in  diameter,  are  sometimes 
[.      (5)  The  vegetable  matter  in  and  about  coal-beds  is  made 

the  trunks,  small  stems,  leaves,  and  fruits  of  the  various  plants 
rned,  intermingled  in  such  manner  as  to  indicate  that  the  vegeta- 
jrew  where  the  coal  now  is.    The  drifting  together  of  vegetation, 

it  would  not  have  completely  separated  these  various  constitu- 
one  from  another,  could  scarcely  have  left  them  commingled  as 
are  now  foimd.^ 

liile  it  is  confidently  believed  that  most  of  the  workable  coal 
sents  the  growth  of  vegetation  in  situ,  it  is  not  to  be  imderstood 
coal  was  never  formed  from  vegetation  which  drifted  together, 
it  "  drifted  "  vegetation  never  entered  into  the  formation  of  coal, 
me  of  the  small  coal-basins  of  France,  much  vegetation  washed 

from  the  land  is  said  to  have  entered  into  the  coal,^  and  the 

may  be  true  elsewhere. 

e  have  now  to  inquire  in  more  detail  concerning  the  conditions 

which  the  coal-beds  were  formed.  The  things  to  be  accounted 
re  three:  (1)  The  conditions  under  which  the  necessary  bodies 
gelation  accumulated,  often  essentially  free  from  the  admixture 
iiment;  (2)  how  it  was  kept  from  decay;  and  (3)  how  it  was 
ged  into  coal. 

vamps  and  marshes  are  the  only  places  where  vegetal  matter 
w  accumulating  in  quantity,  with  little  admixture  of  sediment, 
e  swamps  are  large,  or  where  their  surroundings  are  sufficiently 
o  prevent  the  inwash  of  sediment,  vegetation  is  accumulating, 
itaminated  with  any  notable  amoimt  of  sand  or  mud.  In  the 
les  along  some  parts  of  the  Atlantic  coast,  for  example  (Fig.  253), 

are  great  quantities  of  vegetal  matter  which  is  locally  mixed 
little  sediment.     Likewise  in  Dismal  Swamp,  vegetable  matter, 

or  expositions  of  the  theory  that  the  coal-plants  grew  where  the  coal  is  found, 
•gan,  Trans.  Geol.  Soc,  VI,  1842,  p.  495;    Newberry,  Am.  Jour.  Sci.,  XXIII, 
p.  212,  and  Geol.  of  Ohio,  Vol.  II,  p.  125. 
eikie,  Text-book  of  Geology,  3d  ed.,  p.  808. 
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essentially  free  from  sediment,  and  composed  of  the  trmiks,  branches, 
leaves,  and  fruits  of  the  trees,  shrubs,  and  herbs  which  grow  there, 
has  been  long  accumulating,  and  its  mass  is  now  great.  In  various 
cypress  swamps,  too,  great  thicknesses  of  vegetable  matter  are  found, 
essentially  free  from  foreign  matter.    The  same  is  true  of  mangrove 


Fio,  253.— BI^  o 


swamps,  which  differ  from  the  cj-press  swamps  in  that  they  spread 
into  salt  water.  The  multitude  of  marshes  and  peat-bogs  in  the  United 
States  and  Canada  are  further  illustrations  of  the  accumulation  of 
vegetable  matter,  sometimes  mixed  with  abundant  sediment  and  some- 
times nearly  free  from  it. 

The  vegetation  in  such  situations  need  not  be  more  luxuriant  than 
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Loist  lands  which  are  not  swampy.  On  fertile  prairies  and  in 
forests  the  annual  growth  of  vegetation  is  great;  but  as  the 
3,  fruits,  twigs,  and  trunks  fall,  they  decay,  and  the  larger  part 
dr  substance  is  returned  to  the  atmosphere.  If  the  decay  of  vegeta- 
does  not  keep  pace  with  its  growth  and  death,  an  imdecayed 
jtially  decayed  residuimi  of  organic  matter  remains,  giving  the 
.  black  color.  It  is  a  matter  of  common  knowledge  that  black 
ire  more  common  in  moist  regions  than  in  dry  ones,  in  cool  regions 
in  warm  ones,  and  on  flat  surfaces  than  on  sloping  ones.  In  a 
region  there  is  more  growth  (and  therefore  more  death)  of  vege- 
1  than  in  a  dry  one,  and  a  better  chance  that  decay  will  not  keep 
with  death.  Decay  is  less  rapid  in  a  cool  climate  than  in  a  hot 
10  the  former  is  more  likely  to  have  a  residuum  of  partially  decayed 
ic  matter.  From  a  flat  surface  the  imdecayed  organic  matter 
3  likely  to  be  removed  by  erosion  than  from  a  sloping  one,  and 
)oorer  drainage  has  the  effect  of  greater  moisture.  Forests,  by 
Qg  the  ground  and  checking  the  drainage,  have  the  effect  of  addi- 
[  moisture. 

a  increasing  blackness  of  the  soil  may  often  be  observed  as  the 
rs  of  a  marsh  are  approached.  The  increase  in  blackness  means 
3rease  in  the  amount  of  undecayed  or  but  partially  decayed  organic 
;r,  and  this  in  turn  appears  to  be  immediately  connected  with 
ncreasing  moisture  of  such  situations.  In  the  marshes  them- 
;,  where  the  vegetation  falls  into  water,  it  usually  undergoes 
V  decay  only,  and  not  that  type  of  decay  suffered  by  the  vegeta- 
which  falls  on  drier  lands.  The  preserving  influence  of  water 
3n  in  many  ways.  Posts  and  piles  set  partly  in  water,  and 
{  above,  decay  just  above  the  water-level,  while  the  portions 
'  remain  sound.  It  is  the  preservation  of  organic  matter  in  the 
of  marshes  and  very  shallow  lakes  which  converts  them  into 
bogs,  for  the  peat  is  nothing  more  than  accumulated  vegetable 
T  undergoing  those  changes  to  which  vegetable  matter  in  water 
)ject. 

the  surroundings  of  a  marsh  be  low,  little  sediment  is  washed 

it,  and  there  is  every  gradation  from  the  earthy  soil  about  it, 

y  colored  by  organic  matter,  to  the  deposit  in  the  marsh  itself, 

chiefly  of  organic  matter.    Given  continued  favorable   condi- 

and  the  organic  matter  of  a  bog  may  become  very  deep,  as  it 


Hydrogen. 

Oxjrgen. 

NitrogeD. 

6.21 

43.03 

1.10 

5.50 

33.00 

2.00 
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now  is  in  Dismal  Swamp,  and  in  many  other  less  well-known  swamps 
and  bogs.  In  and  about  marshes  and  swamps  we  therefore  find  the 
conditions  for  the  accumulation  of  considerable  thicknesses  of  vegetable 
matter,  essentially  free  from  sediment,  and  at  the  same  time  the  con- 
ditions which  keep  it  from  decay. 

But  while  the  vegetable  matter  is  not  destroyed,  it  is  not  preserved 
intact.  The  composition  of  wood  and  peat  are  illustrated  by  the 
following  analyses  (the  ash  is  omitted),  though  it  is  not  to  be  imder- 
stood  that  either  wood  or  peat  has  a  constant  composition.  The 
difference,  it  will  be  seen,  is  not  great. 

Carbon. 

Wood 49.66 

Peat 59.50 

The  relative  atomic  proportions  of  carbon,  hydrogen,  and  oxygen 
in  wood  are  approximately  expressed  by  the  formula  C6H9O4.  In 
the  air,  the  carbon  and  the  hydrogen  of  the  wood  unite  with  the  oxygon 
of  the  air  or  of  the  wood  itself,  forming  carbon  dioxide  and  water, 
the  principal  products  of  the  decay  of  vegetable  matter.  But  under 
water,  the  atmospheric  oxygen  is  largely  excluded,  and  the  elements 
of  the  wood  unite  with  one  another  to  a  larger  extent,  while  the  oxygen 
of  the  air  plays  but  a  subordinate  part.  One  of  the  common  products 
of  decay  imder  such  circumstances  is  CH4  (marsh-gas),  which  bubbles 
up  from  many  swamps  and  escapes  into  the  atmosphere.  The  forma- 
tion of  this  gas,  as  its  composition  shows,  exhausts  the  hydrogen  four 
times  as  rapidly  as  the  carbon.  If  the  carbon  of  the  wood  unites 
with  the  oxygen  of  the  wood,  forming  carbon  dioxide,  the  oxygen 
is  exhausted  twice  as  rapidly  as  the  carbon.  If  the  hydrogen  and 
the  oxygen  of  the  wood  combine,  the  result  is  to  increase  still  more 
rapidly  the  percentage  of  carbon  remaining,  so  that  in  whatever  way 
these  elements  combine,  the  result  must  always  be  to  increase  the 
proportion  of  carbon  remaining  in  the  solid.  Even  under  water  it 
is  probable  that  atmospheric  oxygen  dissolved  in  the  water  takes 
part  in  the  changes,  and  in  so  far  as  this  is  the  case,  the  pro- 
portion of  carbon  remaining  after  the  changes  have  taken  place  is 
diminished. 

While  the  exact  quantitative  relations  of  the  reactions  which  take 
place  are  not  known,  and  are  probably  not  constant,  the  following 
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*  suggests  certain  changes  which  might  take  place,  and  also  the 
nets  which  would  remain  at  certain  stages  of  the  process: 

7ood  '  (timber) ....  C«,H„0^  =6(QH,0,) 

r  8CO2  1 
ubtract    4CH,  \  =  CuH^Oaa 
l6H/)i 

Jid  there  remains      Cj^H^Oa  =  about  the  composition  of  brown  coal. 

Vood Ca«H^O„ 

r    6CO2  1 
ubtract  J    4CH,  V  =CioHj^02a 

nd  there  remains      CjeH^gO,,  which  falls  within  the  range  of  bituminous  coal. 

Vood C«,H„0,, 

r    6CO2  1 
ubtract'    6CH.  ^  ^CuH^oO^, 
[1IH2OJ 

jid  there  remains     C^HgO,  which  falls  within  the  range  of  anthracite. 

ince  the  changes  above  are  changes  which  take  place  in  peat- 
the  altered  vegetation  there  foimd  appears  to  be  a  step  on  the 
from  the  ordinary  forms  of  vegetable  tissue  to  coal.  The  follow- 
able  3  shows  the  composition  of  wood,  peat,  and  various  types  of 
From  a  comparison  of  this  table  with  the  preceding,  it  is  not 
ult  to  understand  how  vegetable  matter  is  converted  into  coal. 

Carbon.  Hydrogen.  Oxygen.  Nitrogen. 

1.  Wood 49.66  6.21  43.03  1.10 

2.  Peat 59.5  5.5  33.0  2.0 

3.  Brown  coal 68.7  5.5  25.0  0.8 

4.  Bituminous  coal.  .    81.2  5.5  12.5  0.8 

5.  Anthracite 95.0  2.5  2.5  0.0 

the  vegetable  matter,  after  having  been  accumulated  to  great 
IS  and  after  having  been  partially  altered,  say  to  the  condition 
lat,  were  buried  beneath  beds  of  mud  or  sand,  it  would  undergo 
er  changes,  both  chemical  and  physical,  tending  to  bring  it  nearer 
nearer  to  the  condition  of  coal.    The  oxygen  of  the  air  would 

be  more  effectually  excluded,  and  the  chemical  changes  more 

ifter  Le  Conte,  Elements  of  Geology. 

'he  composition  of  cellulose  is  usually  given  as  CgHioOg  or  some  multiple  of  this. 

hanges  can  be  developed  equally  well  from  this  formula. 

,c  Conte,  op.  cit. 
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largely  confined  to  the  constituent  elements  of  the  vegetable  matter. 
The  weight  of  the  sediment  would  compress  the  vegetable  tissues, 
and  it  is  believed  that  the  result  would  be  its  ultimate  conversion  into 
coal.  The  various  grades  of  coal,  bituminous,  anthracite,  etc.,  are 
thought  to  represent  different  stages  in  the  process  of  change. 

If  the  coal-beds  represent  the  Carboniferous  swamps,  as  they  are 
believed  to,  we  have  still  to  inquire  into  the  conditions  imder  which 
swamps  as  extensive  as  the  coal-beds  existed,  and  to  seek  the  explana- 
tion of  their  frequent  recurrence  (one  for  each  coal-bed)  in  many  regions. 

The  first  condition  for  a  swamp  is  lack  of  drainage,  and  the  second 
a  sufficient,  but  not  an  excessive  amount  of  water.  Enough  to  stop 
the  growth  of  vegetation  would  be  excessive,  and  too  little  to  preserve 
it  from  ready  decay  after  its  growth  and  death,  would  be  insufficient. 

In  the  course  of  the  widespread,  but  for  the  most  part  very  gentle, 
movements  which  affected  the  eastern  interior  at  the  close  of  the 
Mississippian  period,  great  areas  appear  to  have  emerged  from  the 
sea.  Early  in  the  Pennsylvanian  period,  considerable  tracts  which 
were  not  submerged  stood  so  low  as  to  be  ill-drained  or  imdrained, 
and  constituted  marshes.  The  conditions  of  climate  and  moisture 
appear  to  have  been  such  as  to  allow  the  abundant  growth  of  vegeta- 
tion in  the  marshes.  On  falling  into  the  shallow  water,  or  upon  the 
water-soaked  bottom,  the  vegetable  matter  underwent  changes  of 
the  nature  indicated  above.  The  ill-drained  areas  were  thus  con- 
verted into  peat  bogs,  in  which,  in  many  places,  little  inorganic 
matter  was  mixed  with  the  organic.  The  longer  the  life  of  the  bog, 
the  deeper  the  peat  became.  The  rate  of  accumulation,  though  de- 
pending on  climate  and  on  the  abundance  of  vegetation,  is  always 
slow.  Under  very  favorable  conditions,  a  foot  of  peat  may  acciunulate 
in  ten  years  or  even  less,  but  the  usual  rate  is  probably  much  slower. 
Peat  bogs  are  now  in  existence  in  which  the  depth  of  the  acciunulated 
organic  matter  is  40  or  50  feet,  but  the  length  of  time  involved  in 
the  accumulation  is  not  known. 

Some  of  the  great  swamps  probably  came  into  existence  along 
the  sea-shores,  and  some  in  shallow  basins  or  imdrained  areas  remote 
from  the  sea,  for  fresh-water  shells  are  found  in  association  with  some 
coal-beds,  and  marine  fossils  in  association  with  others. 

The  history  of  a  coal-bed. — Each  coal-bed  represents  the  accu- 
mulated vegetable  growth  of  a  long  period.     It  would  appear  that 
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jowth  and  accumulation  of  vegetation  was  often  brought  to  an 
by  subsidence  which  let  the  water  (sea  or  lake  or  aggrading 
n)  in  over  the  marshes,  drowning  the  plants,  and  burying  the  organic 
3r  which  had  already  accumulated,  imder  deposits  of  mud,  sand, 

or  shells  which  the  submergence   brought  in  its 
train.      A  second  coal-bed  in    the   same    region 
points  to  the  recurrence  of   swamp    conditions, 
fi  and  means  either  (a)  that  after  submergence  and 

r-s  burial  of  the  organic  matter,  slight  emergence  en- 

'^'^  sued,  caused  by  land  or  water  movement,  thus 

^'  reproducing  the  conditions  for  bogs;   or  (6)  that 

g.  by  sedimentation  the   sea  or   lake  bottom  where 

the  first  bog  had  been,  was  built  up  to  the  water- 
'^"  level,  restoring  swamp  conditions.    On  the  former 

hypothesis    (a),   two  successive  coal-beds   would 
represent  the  following  sequence  of  events:   (1)  A 
2^3'  more  or  less  static  condition  with  the  surface  ill- 

,1^.         drained,  during  which   the   vegetable  matter  ac- 
cumulated; (2)  a  subsidence  of  the  land  or  a  rise 
^'^'  of  the  water  during  which  the  vegetable   matter 

*"-^'         was  buried   by  sediment;    (3)  a  reverse  change, 
/-3'  bringing  the  surface  again  to  the  condition  which 

/'-4'  it  occupied  in  the  first  place;  (4)  a  later  sub- 
mergence, effecting  the  burial  of  the  later  grow1;h 
of  vegetation.  On  the  second  hypothesis  men- 
^"^'  tioned  above  (6),  but  one  movement  is  demanded. 
Stages  (1)  and  (2)  would  have  been  as  above,  but 
the  sedimentation  of  (2)  continued  until  the 
swampy  condition  of  the  region  was   reproduced 


I  .  I  .  I, 


1  :  I 


/• 


/'-5' 


^-  ~  ^fjeralized  ^  ^  result  of  aggradation.      The  burial  of  the 

on    of    the    Coal  .  /^ 

sures  in  Kentucky .  vegetation  calls  for  further  submergence.    In  other 

feel"'^The  h^S  ^^^^^'  ^^^  ^^^^  hypothesis  calls  for  oscillation  of 
k    lines  =  coal,  level;   the  second,  for  successive  movements  of 

•wood,  U.  S.  Geol.  ,  , 

.)  one  phase  only. 

le  number  of  coal-beds  is  often  great.  In  Pennsylvania  it  fre- 
;ly  (but  not  everywhere)  exceeds  20;  in  Alabama,  35  (not  all 
ible)  have  been  enumerated;  in  Nova  Scotia,  the  number,  includ- 
)me  dirt-beds,  is  said  to  be  about  80;  but  in  the  Mississippi  basin 
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west  of  the  Appalachians,  the  number  is  often  less  than  a  dozen  (Figs.  254 
to  257).    Thus  in  Illinois  the  number  of  workable  beds  is  nine.* 


Fio.  255. — Section  showing  coal  beds  (heavy  black  lines)  in  Bay  County,  Mich., 

Amelith  shaft.     (Lane,  U.  S.  Geol.  Surv.) 

If  the  foregoing  sequence  of  events  was  repeated  for  each  coal- 
bed,  it  is  manifest  that  the  surface  of  great  areas  of  the  continent  or 
else  the  surface  of  the  sea,  was  in  an  imstable  attitude  during  the  Car- 
boniferous period.  The  second  hypothesis  (6)  has  the  merit  (so  far 
as  it  is  a  merit)  of  greater  simplicity  than  the  first,  but  is  probably 
not  applicable  to  all  cases.  The  fact  that  local  imconformities  abound 
in  the  Coal  Measures  (Ind.,  111.,  la.,  et  al,  Figs.  258  to  260)  shows  that 
the  surface  was  locally  out  of  water  and  subject  to  erosion  at  vari- 


Fig.  256. — Section  showing  coal  belt  (heavy  black  lines)  along  the  Pere  Marquette 

Ry.,  Mich.,  east  from  Alma.     (Lane,  U.  S.  Geol  Surv.) 

ous  times  and  places  in  the  course  of  the  period.  This  points  to  changes 
in  the  relative  level  of  land  and  water  (partly  the  sea  and  partly  land 
waters),  though  it  does  not  show  which  was  the  changeable  element. 
When  it  is  remembered  that  many  relative  changes  of  level  may  have 
taken  place  without  giving  origin  to  coal  seams,  it  is  not  too  much 
to  say  that  the  number  of  fluctuations  in  the  relative  level  of  land 


*  Reports  on  coal  have  been  published  by  all  States  containing  coal,  where  there 
have  been  Burveys,  For  local  details  see  reports  of  Pennsylvania,  Ohio,  Kentucky, 
Tennessee,  Alabama,  Indiana,  Illinois,  Iowa,  Missouri,  Arkansas,  Kansas,  and  Texas. 


water  in  the  eastern  part  of  North  America  during  the  Penn- 
uiian  period,  was  great,  though  perhaps  not  greater  than  during 
r  periods. 


257. — Sections  of  Illinois  and  Indiana  Coal  Heamires;  1,  ehaTt  at  Ogieeby,  Li 
Ole  Co.,  ni.;  2,  air  ehaft  at  Decatur,  Macon  Co.,  III.;  3,  shaft  at  Kinmundy, 
arioD  Co,,  III.;  4,  boring  at  Galum  Creek,  Perry  Co.,  lU.;  5,  boring  at  Danville, 
ermilion  Co.,  III.;  6,  connected  section  from  South  Vermilion  and  Parke  Cw. 
id.;  7,  connected  section  from  Duner  and  Linton.  Sullivan  and  Parke  Coa., 
id.;  8,  connected  section  from  Henderson,  Ky.,  and  Evans\'ille,  Ind.  (Ashley, 
.  S.  Geol.  Surv.) 

Extent  and  relations  of  coal-beds. — The  widespread  distribution 
oal  does  not  mean  that  any  one  marsh  necessarily  covered  the 


(Keyes   la.  Geol 


le  of  an-v  one  great  coal  field     Some  of  the  coal  beds    however, 
knomi  to  be  of  great  extent     Thus  a  smgle  bed    the  Pittsburg, 


nown  to  be  workable  over  an  area  of  some  6000  square  miles ' 
'  White,  West  Vi:?:inia,  Geol.  Surv.,  Vol.  II,  p.  166. 
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western  Pennsylvania,  Ohio,  and  West  Virginia,  and  to  have  at  least 

an  equal  extent  where    too  poor  to  be  generally  worked.    Many  coal 

beds,  on  the  other  hand,  do  not 

occupy  great  areas.      From  their 

thicker  portions  they  thin  out  in 

all   directions,   often  grading   into 

black   shale.     From  these  facts  it 

is  inferred  that  within  the  general 

area  of  a  coal-field  there  may  have 

been  islands  and  peninsulas  above      Fia.  260, — Irregularity  in  a  coal  bed 

,,  i_    1       I       c     i_  showing   a  "  horseback "    \u    Cn«g 

the    marsh    level,     buch  areas    in-         slope,  Kalo,  la.     (Keyes,  la.  Geof 

terrupted    the  continuity  of    the        ^""'■' 

swamps  then,  and  interrupt  the  continuity  of  the  eoal-beds  now. 

No  parallelism  between  the  eoal-beds  of  different  fields  has  been 
made  out,  and  is  not  likely  to  be.  Even  within  the  same  field  the 
parallelism  is  by  no  means  perfect,  as  shown  by  the  fact  that  more 


Fia.  261. — Bifurcatioa  of  ft  coal  bed.    The  heavy  black  lioea-coaL     (WinHlow.) 

seams  are  found  in  some  parte  of  a  field  than  in  others.  On  the  other 
hand,  the  larger  coal-beds  are  often  continuous  over  great  areas,  as 
already  noted  in  the  case  of  the  Pitteburg  bed. 

Traced  laterally,  a  bed  of  coal  is  sometimes  found  to  divide  (Fig.  261) 
or,  traced  in  the  opposite  direction,  two  beds  are  sometimes  found  to 
unite.*    Fig.  262  suggests  a  possible  sequence  of  events  by  which  the 

'  The  Nature  of  Coal  Horiiona;  see  Winalow,  Geol.  Surv.  of  hGssouri,  Preliminary 
Beport  on  Coal,  p.  25.    Also  Eeyee,  Jour.  G«ol.,  II,  ITS. 
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rcation  may  be  brought  about.  Vegetable  matter  for  a  coal  seam 
^cumulating  along  orh  {A).  The  outer  part  of  the  bog  then  sinks 
so  that  sediment  is  deposited  over  a  part  of  the  area  (a  to  c) 
re  vegetation  formerly  grew.  When  the  depressed  area  (a  to  c) 
'graded  or  elevated  (relatively)  sufficiently  (C),  the  bog  is  restored 
he  left,  and  the  two  layers  of  organic  matter  at  the  left,  unite  at 
right,  where  the  accumulation  of  vegetable  matter  has  not  been 
rrupted.  It  will  be  readily  seen  that  other  sequences  of  events 
ht  bring  about  the  same  result,  and  that,  if  this  process  is  fre- 


^1//ry^  jrr/m  "^  y/ 


.1 


B 
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262. — Diagram  illustrating  the  sequence  of  events  which  might  lead  to  the  bifur- 
ation  of  a  coal  bed.     In  the  first  diagram,  vegetal  matter  is  accumulating  from 

to  6;  in  the  second,  a  part  of  the  area,  a  to  c,  is  represented  as  submerged;  in 
he  third,  the  tract  from  a  to  c  has  been  built  up  or  lifted  up  (relatively)  so  as  to 
ecome  a  marsh  again,  and  vegetal  matter  is  accumulating  from  a  to  6. 

ntly  repeated,  great  differences  might  exist  in  the  niunber  of  coal 
ns  in  different  parts  of  the  same  general  region. 
Varieties  of  coal. — The  exact  manner  in  which  the  different  varie- 
of  coal  have  arisen  has  never  been  satisfactorily  determined.  In 
}ral  it  is  true  that  the  anthracite  coal  occurs  in  mountainous  regions, 
re  the  coal  and  other  layers  of  rock  with  which  it  is  associated 
e  been  subject  to  more  or  less  intense  dynamic  action.  Thus, 
he  mountains  of  eastern  Pennsylvania  (Fig.  263)  the  coal  is  mainly 
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ppsthracite  (Figs.  264-267),  while  in  the  central,  and  in  most  of  the 
coal-fields  of  Pennsylvanian  age,  where  the  strata  are  nearly 


v.. 


s 


^ 


\ 
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Fig.  263. — Map  showing  the  areas  of  anthracite  coal  in  Pennsylvania. 

lorizontal  or  but  slightly  deformed  (Figs.  255,  256  and  267  to  271), 
.and  altogether  non-metamorphic,  the  coal  is  bituminous  or  soft.  In 
Arkansas^  where  the  strata  have  been  subject  to  some,  but  not  to 
extreme  dynamic  action,  there  is  coal  which  is  semi-anthracitic.  AVhere 
the  metamorphism  of  the  associated  rock  has  been  extensive,  the 
coal  has  gone  beyond  the  anthracitic  stage  and  has  become  graphitic. 


Fig.  264. — Section  across  Panther  Creek  basin  in  the  anthracite  region  of  Pennsyl- 
vania, showing  the  position  of  the  strata  and  the  coal  beds.  (Stock,  U.  S.  Geol- 
Sur\'.) 

Thus  in  Rhode  Island,  where  the  strata  have  been  highly  metamor- 
phosed, the  coal  is  highly  anthracitic,  or  even  semi-graphitic.^ 

Anthracite  coal  is  also  found  in  some  places  (though  not  in  the 
Coal  Measures  of  the  United  States)  in  contact  with  dikes,  in  just  the 


» Amu  Rept.  Ark.  Geol.  Surv.  1888,  Vol.  III. 

•  Geology  of  the  Narragansett  Basin,  Mono.  XXXIII,  U.  S.  GeoL  Surv. 


itions  where  other  sorts  of  rock    are    metamorphosed.     These 
lomena  long  ago  su^ested  that  anthracite  is  to  be  looked  upon 


265. — Section  of  the  Weetem  Middle  anthracite  coal  basin  of  PenoBjIvaiua. 
ength  of  section,  a  little  less  than  two  miles.      (Stoek,  U.  S.  Geol.  Sun-.') 

letamorphic  coal  produced  from  bitmninous  by  processes  similar 
jme  of  those  which  induce  metamorphiam  in  other  sorts  of  rock. 


266. — Section  south  of  Nanticoke,  showing  the  poution  and  relations  of  the 
lal  beds,  in  the  Northern  anthracite  coal  field.  Length  of  section  a  little  less 
lan  two  miles.      (Stoek,  U.  S.  Geol.  Sun-.) 

fact  that  metamorphic  coal  is  usually  found  in  regions  where 
ion  has  exposed  its  beds  (Figs.  264  to  267)  has  led  to  the  conjec- 


la.   2G7. — Section  at  Scranton.     Length   of  section  between  4   and   5   nules. 

(Stoek,  U.  S.  Geol.  Surv.) 

that  exposure  may  be  a  real  factor  in  the  problem,  the  exposure 
uing  the  escape  of  the  volatile  constituents,  and  so  aiding  in  the 
sformation  of  bituminous  coal  to  anthracite.    Beds  of  bituminous 

are,  however,  often  exposed  in  valley  bluffs. 
5oth  dynamic  action,  invoUing  pressure  and  heat,  and  exposure 
Id  seem  to  be  conditions  favoring  the  development  of  anthracite, 
it  does  not  follow  that  these  are  the  only  factors  in  the  problem, 
hat  anthracite  coal  has  never  been  produced  in  other  waj^.    It 
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been  suggested  that  the  anthracitic  character  of  coal  depends 
le  length  of  time  the  vegetation  was  exposed  before  being  buried 


:69. — Section  showing  positions  and  relations  of  the  coal  beds  at  a  point  ir  _ 
rritory.     The  black  lines  indicate  coal  beds.     Length  o[  section  about  11  miles, 
aft,  U.  S.  Geol.  Sun-.) 

ther  sedimentary  rocks '  This  seems  to  demand  that  thick  heds 
lal  be  more  anthracitic  at  their  bases  than  at  their  tops,  or  el** 
the  thin,  slowly  accumulated  parts  be  more  anthracitic  than  the 
:,  faster-formed  parts     Neither  of  these  things  seems  to  be  gen- 


Fio    270  Fig-  271. 

0  D  agrom  si  o     ng  sliglit  faulting  in  the  coal  beds  of  Iowa.     Bloomfield 
I  aft    lie    Mo  nc.     la        la,  Geol,  Sun-.) 

1  — Step  fault  m  Da  idson  mine,  Jasper  Co.,  la.     (la.  Geol.  Surv.) 

f  tiue  though  the  lower  ]>art  of  a  coal-bed  is  sometimes  "  harder" 
the  upper, 
ther  varieties  of  coal  appear  to  depend  on  the  conchtions  to  which 
fcgctablc  matter  was  subject,  cither  before  or  after  burial,  and 

:ic  degree  to  which  the  bituminizing  process  has  been  carried. 

Iron  Ore. 
he  iron  ore  of  the  Coal  Measures  occurs  in  laj'ers  like  the  coal, 
the  form  of  nodules  which  are  often  concentrated  at  a  given  hori- 
forming  a  nearly  continuous  layer.  The  ore  is  sometimes  in 
orm  of  the  carbonate  of  iron  (siderite)  and  sometimes  in  the  form 
dde.  The  iron  is  often  associated  with  clay,  making  clay  iroit- 
.  The  iron  ore  of  the  Coal  Measures  seems  to  have  been  largely 
sited  as  a  precipitate  from  the  waters  of  inland  and  local  basins, 

I  Stevenson,  Jour,    of   Geol.,   Vol.    I,   p.   677. 
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while  the  other  members  of  the  system  were  being  laid  down.  Dis- 
solved by  the  land  waters  from  the  soil  and  rocks,  it  was  brought  to 
the  marshes  in  some  soluble  form.  In  the  marshes,  it  was  precipitated 
either  in  the  form  of  the  carbonate  or  ferric  oxide.  Subsequent  oxi- 
dation has  changed  some  of  the  original  carbonate  into  ferric  oxide. 
The  principal  iron  ores  of  the  Pennsylvanian  system  occur  in  Penn- 
sylvania (Allegheny  and  Monongahela  series)  and  eastern  Ohio  (Alle- 
gheny series).^ 

General  Geographic  Conditions  in  the  Eastern  Interior. 

Returning  for  a  moment  to  the  system  of  which  the  coal-beds  form 
an  inconsiderable  part,  it  is  to  be  noted  that  many  of  the  clastic  beds 
associated  with  the  coal  are  known  by  their  fossils  to  have  been  laid 
down  in  fresh  water.  Some  of  the  occasional  limestone-beds,  on  the 
other  hand,  as  well  as  some  of  the  clastic  beds,  were  deposited  where 
marine  conditions  prevailed.  It  follows  that  marine,  lacustrine,  and 
marsh  conditions  may  also  have  alternated  with  the  others,  but  such 
conditions,  especially  if  the  land  be  too  low  to  suffer  notable  erosion, 
leave  but  indistinct  records. 

The  succession  of  Pennsylvanian  beds  in  southwestern  Pennsyl- 
vania (Fig.  242)  illustrates  the  great  series  of  changes  which  took 
place  in  the  sedimentation  in  the  course  of  the  period.  These  changes 
were  probably  the  result  of  geographic  changes,  such  as  variations  in 
the  height  of  the  land,  the  depth  of  the  water,  or  in  the  areal  relations 
of  land  and  water,  due  to  gradation.  It  is  not  to  be  inferred  that 
changes  were  more  frequent  at  this  time  than  during  other  periods. 
Their  record  is  conspicuous  because  of  the  coal;  or,  in  other  terms, 
because  the  land  was  near  sea-level,  so  that  extensive  submergence 
and  emergence  resulted  from  slight  changes  of  relative  level  of  land 
and  sea.  It  should  be  remembered  that  a  series  of  equally  frequent 
and  equally  extensive  movements,  or  that  equivalent  degradation  and 
aggradation,  would  leave  no  such  record  of  themselves,  if  the  surfaces 
concerned  were  well  above  or  well  below  sea-level.  It  was  the  oscil- 
lation just  above  and  just  below  water-level  which  allowed  the  record 
to  be  so  clearly  preserved.    How  far  the  oscillations  were  due  to  warp- 

>  For  statistics  concerning  production  of  iron,  see  Censiis  Reports  (Vol.  XV,  10th 
Census)  and  Mineral  Statistics,  U.  S.  Geol.  Surv. 
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of  the  land,  and  how  far  to  changes  in  the  level  of  the  sea,  can- 
now  be  determined;  but  when  we  recall  that  the  ocean-level 
.  respond  to  every  deformation  which  affects  its  bottom  (unless 
)ensated  by  an  equivalent  opposite  movement),  and  to  every  stage 
lling,^  it  does  not  seem  strange  that  its  level  is  in  a  nearly  per- 
il state  of  fluctuation. 

n  general,  it  may  be  said  that  the  movements  of  the  crust  which 
been  of  most  importance,  from  the  point  of  view  of  continental 
iological  evolution,  are  not  those  which  have  affected  high  land 
3ep  sea  bottom,  but  those  which  have  converted  sea  bottom  into 
,  or  land  into  sea  bottom.  Such  changes  are  most  likely  to  have 
1  place  where  land  was  low,  or  water  shallow.  From  the  point 
ew  of  geology,  therefore,  the  critical  level  of  crustal  osdUaiion  is  the 
of  the  sea. 

Thickness. 

Tie  C!oal  Measures  differ  greatly  in  thickness  in  different  sections 
le  country,  but,  like  all  the  preceding  formations  of  the  Paleo- 

they  are  especially  thick  in  the  Appalachian  mountains,  measiu*ed 
le  usual  method. 

The  thickness  of  the  Millstone  Grit  (Pottsville  conglomerate) 
i  ranges  up  to  1700  feet  in  Pennsylvania,  but  it  thins  rapidly 
le  westward.  The  Coal  Measures  are  equally  variable  in  thick- 
ranging  from  nearly  zero  to  more  than  3000  feet  (Penn- 
mia  to  Alabama).  In  the  interior,  the  corresponding  formations 
y  much  exceed  1000  feet.  In  Ohio  they  are  about  1200  feet 
:;   in  Indiana,  1000  feet;   in  Illinois,  1650  feet;   in  Michigan  300 

and  in  Iowa,  600  feet.  In  Arkansas,  the  Coal  Measures  attain 
remarkable  thickness  of  more  than  20,000  feet,^  from  which  it 
ferred  tluit  there  must  have  been  land  close  at  hand  capable  of 
lying   sediments   in   great    quantity,    combined,    probably,    with 

it  ions  favorable  to  deposition  in  sloping  attitudes.  This  was 
ably  the  axis  of  the  Ouachita  uplift.  In  Texas,  the  Penn- 
mian  has  a  thickness  ranging  up  to  5000  feet.^  In  the 
atch  mountains,  the  Carboniferous  strata  (including  the  Lower 
oniferous)  have  been  estimated  to  be  about  13,000  feet  thick, 

1  Salisbury.    Jour,  of  Geol.  Vol.  XIII.  p.  469. 

'  Cited  in  Report  of  the  Dept.  of  Geol.  and  Nat.  Res.  of  Indiana. 

"Richardson,   Bull.   G.,  Univ.  of  Texas  Mineral  Survey. 
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and  in  Nevada,  10,000  feet.  In  these  regions,  therefore,  active  depo- 
sition was  in  progress,  and  so  far  as  the  sediments  are  clastic,  they 
were  probably  derived  from  the  land  area  of  western  Nevada.  For 
further  details  as  to  thickness,  see  the  preceding  sections,  pp.  557-562. 

Duration  of  the  Coal  Measures  Period. 

So  uncertain  is  our  knowledge  of  the  duration  of  geological  time 
that  all  groups  of  data  which  can  be  made  to  throw  light  on  the  sub- 
ject are  of  interest,  even  though  they  do  not  lead  to  trustworthy  numeri- 
cal conclusions.  A  vigorous  growth  of  vegetation  has  been  estimated 
to  \deld  annually  about  one  ton  of  dried  vegetable  matter  per  acre, 
or  640  tons  per  square  mile.  If  this  annual  growth  of  vegetable  matter 
were  all  preserved  for  1000  years,  and  compressed  until  its  specific 
gravity  was  1.4  (about  the  average  for  coal)  it  would  form  a  layer 
about  six  inches  thick.  But  a  large  part  of  the  vegetable  matter,  even 
in  peat  bogs,  escapes  as  gas  (CO2,  CH4,  etc.),  in  the  making  of  coal. 
It  has  been  estimated  that  three  to  four  fifths  of  it  disappears  in  this 
way.  The  six-inch  layer  would  then  be  reduced  to  two  tenths  or  to 
one  tenth  of  a  foot,  and  a  layer  one  foot  in  thickness  would  require 
5000  to  10,000  years.  The  aggregate  thickness  of  coal  is  frequently  as 
much  as  100  feet,  and  sometimes  as  much  as  250  feet.  At  the  above 
rate  of  accumulation,  and  with  the  above  proportions  of  loss,  periods 
ranging  from  500,000  to  nearly  2,500,000  years  would  be  needed  for 
the  accumulation  of  such  thicknesses  of  coal. 

It  should  be  borne  in  mind,  however,  that  much  depends  on  the 
rate  of  growth  of  Carboniferous  vegetation,  which  is  not  known.  On 
the  other  hand,  these  figures  refer  to  the  coal  only,  not  to  the  Coal 
Measures.  The  greater  part  of  the  Coal  Measures  is  made  up  of  shale 
and  sandstone,  and  of  these  formations  there  are  thousands  of  feet, 
even  where  the  sediments  were  largely  fine  and  their  accumulation 
therefore  probably  slow.  It  would  hardly  seem  unreasonable  to  con- 
jecture that  their  deposition  might  have  consumed  an  amount  of  time 
equal  to  or  even  greater  than  that  demanded  by  the  coal.  This  would 
double  the  above  figures,  making  them  something  like  2,000,000  and 
5,000,000  years  respectively.  These  figures  must  be  taken  to  mean 
nothing  more  than  that  the  best  data  now  at  hand  indicate  that  the 
Pennsylvanian  period  was  a  very  long  one. 
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Close  of  the  Carboniferous  Period} 

iter  the  long  period  of  oscillation  above  and  below  the  critii 
recorded  by  the  Coal  Measures,  the  interior  area  east  of  the  Miss 

was  brought  above  the  level  of  the  sea,  not  to  sink  again  benea 
ring  the  Paleozoic  era,  and  some  of  it  at  no  later  time.  This  upl 
:s  at  once  the  close  of  the  Carboniferous,  and  the  inaugurati 
e  Permian  period.  It  is  also  probable  that  the  deformative  mo^ 
iS  which  were  to  result  in  the  folding  and  uplift  of  the  Appalachi 
itains  began  at  this  time.  Dikes  of  igneous  rock  affect  the  C 
ferous  strata  of  northwestern  Kentucky  and  southern  lUinc 
the  date  of  their  intrusion  has  not  been  determined.  It  see 
improbable  that  it  was  during  the  general  period  of  deformati 
h  marked  the  close  of  the  Paleozoic;  but  this  is  conjecture, 
'here  were  also  notable  changes  in  the  western  half  of  the  C( 
it,  for  the  strata  of  the  Permian  period  are  much  less  wi 
id  than  those  of  the  Carboniferous.  Where  they  occur,  th 
bitution  and  their  fossils  are  such  as  to  indicate  not  only  differ 
ions  of  land  and  water,  but  different  conditions  of  erosion,  b 
ibsence  of  the  sea  from  some  areas  where  deposition  was  in  progr( 
le  Sierras,2  too,  there  seems  to  have  been  deformation  and  me 
)hism  of  the  Carboniferous  beds  at  some  time  antedating 
ssic  period.  The  exact  date  of  the  disturbance  has  not  h 
,  but  it  may  have  been  contemporaneous  \vith  that  in  the  Ap 
an  Mountain  region. 

n  America,  the  Permian  has  usually  been  regarded  as  the  clos 
J  of  the  Carboniferous.    This  classification  seems  best  to  fit 

of  the  eastern  part  of  the  continent,  but  when  the  relations 
?*ermian  in  other  parts  of  the  world  are  considered,  it  seems  m 
g  to  regard  the  Permian  as  a  distinct  period. 

In  Foreign  Countries. 

Europe, 

eneral. — As  in  America,  the  oldest  formation  of  the  Upper  C 
erous  in  Europe  is  often  a  conglomerate  and  sandstone  f ormatii 
Millstone  grit,  which  in  some  parts  of  Britain  attains  a  thickn 

or  general  account  of  Appalachia  during   the    Paleozoic  Era  see  Willis,  '. 

Surv.,  Vol.  IV,  pp.  23-88. 

ee  description  of  the  Gold  Belt,  in  the  late  folios  of  the  U.  S.  Geol.  Surv. 
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of  5500  feet.^  This  formation  has  the  same  stratigraphical  position, 
and  probably  the  same  significance  as  the  formation  of  corresponding 
name  (Pottsville,  etc.,  see  p.  539)  in  America.^  It  was  indeed  this 
correspondence  which  led  to  the  adoption  of  the  English  name  for 
the  American  formation.  The  thick  Millstone  grit  of  England  is 
thought  to  represent  a  shore  accumulation  against  a  ridge  of  Paleozoic 
rock  which  crossed  central  England  in  the  early  part  of  the  Carbon- 
iferous period.  The  ridge  was  later  submerged,  but  not  until  some  part 
of  the  C!oal  Measures  had  been  deposited.  North  from  this  ridge  the 
Millstone  grit  thins  rapidly.  The  fossils  of  the  Millstone  grit  are 
singular  in  that  the  plants  resemble  those  of  the  Coal  Measures  above, 
while  the  animals  are  more  like  those  of  the  Lower  Carboniferous 
below.3 

The  formations  of  the  western  European  Coal  Measures,  like  those 
of  eastern  North  America,  consist  principally  of  shales  (and  clays), 
wdth  subordinate  amounts  of  sandstone  and  limestone.  Associated 
with  these  commoner  sorts  of  rock,  there  are  beds  of  coal  and  clay- 
ironstone,  both  of  which  occupy  positions  corresponding  in  all  essen- 
tial respects,  with  those  of  the  similar  formations  in  eastern  North 
America.  As  in  America,  there  are  local  unconformities  within  the 
system.  The  system  contains  workable  coal  in  Great  Britain,  Ireland, 
Belgium,  France,  Spain,  Germany,  Austria,  and  Russia,  but  the  total 
area  of  productive  coal  in  Europe  is  much  less  than  in  America.  In 
places  in  Wales,  there  are  as  many  as  100  seams  of  coal,  many  of  which 
are  worked.  In  Belgium,  and  in  some  parts  of  Germany  the  number 
of  coal-beds  is  also  very  large.  In  AVestphalia  the  number  of  workable 
beds  is  said  to  be  90.^  The  aggregate  (maximum)  thickness  of  the 
coal  in  Lancashire  is  150  feet;  in  Westphalia,  274  feet;  in  Mons 
(Belgium),  250  feet.  In  central  and  northern  France  there  are  more 
than  300  small  areas  where  portions  of  the  Coal  Measures  are  found. 
Some  of  them  contain  remarkable  thicknesses  of  coal.^  The  Coal 
Measures  of  central  Europe  are  less  wide-spread  than  the  Lower  Car- 
boniferous in  the  same  region.     Coal-beds  are  numerous  in  the  Coal 

»  Geikie,  Text-book  of  Geology,  Vol.  II,  p.   1047. 

'  The  Millstone  grit  is  sometimes  regarded  as  the  representative  of  a  separate  time- 
division    codrdinate  with  the  Lower  and  Upper  Carboniferous. 
'Geikie,  p.   1054. 
♦  Idem,  p.  1047. 
» Idem,  p.  1053. 
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mres  of  Silesia,  one  bed  attaining  a  thickness  of  50  feet.'  Hei 
Isewhere,  beds  of  marine  origin  alternate  with  those  which  wf 
sited  on  land,  in  marshes,  etc.  The  constitution  of  the  systf 
ich  as  to  show  that  physical  conditions  corresponding  to  the 
he  Pennsylvanian  period  in  eastern  North  America  were  wic 
id  in  western  Europe. 

t  will  be  remembered  that  the  coal-bearing  part  of  the  Carbo 
us  series  in  America  is  confined  to  the  eastern  half  of  the  continei 
chief  areas  of  productive  Coal  Measures  in  Europe  are  in  the  west€ 


I.  272. — Sketch  map  ehowing  distribution  of  coal  in  Great  Britain  (K&yset] 

of  the  continent,  another  of  the  many  rather  striking  correspc 
PS  betv^-ecn  the  formations  in  those  parts  of  these  continei 
li  border  the  same  ocean.    Fig.  272  shows  the  distribution 

in  Great  Britain,  and  272o,   in   the   Lower  Rhine  basin. 
I  Idem,  p.  lOM. 
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southern  Europe,  the  Lower  and  Upper  Carboniferous  are  less  dis- 
tinctly separated. 

In  Russia,  the  two  types  of  Carboniferous  formations,  the  marine 
and  the  non-marine,  are  found,  but  not  in  the  same  relations  as  in 
the  western  part  of  the  continent.  Instead  of  the  marine  type  below, 
and  the  lake-marsh-lagoon  type  above,  the  order  seems  to  be  so  far 
reversed  that  the  Lower  Carboniferous  contains  most  of  the  coal, 
while  the  Upper  is  made  up  chiefly  of  limestone.  There  is  however 
much  marine  limestone  in  the  Lower  Carboniferous,  and  in  southern 
Russia  (Donetz  coal-field)  some  coal  in  the  Upper.  The  Upper  Car- 
boniferous Umeetone  of  Russia  (Fusulina  limestone)   is  represented 


Fig.  272a. — Sketch  m^  showing  the  position  of  the  Carboniferous  coal  beds  (black 
areas)  in  the  lower  Rhine  basin  (Kayser.) 


by  similar  formations  in  southern  Europe,  where  the  system  is  more 
like  that  of  eastern  than  that  of  western  Europe.  The  faunas  of  the 
marine  system  in  southern  Europe,  and  of  the  marine  part  of  the  sys- 
tem in  eastern  Europe  have  much  likeness  to  those  of  western  North 
America,  suggesting  that  marine  life  was  able  to  pass  between  these 
continents,  ■via  northern  Asia. 

The  upper  part  of  the  Coal  Measures  system  of  Europe  at  various 
points  and  at  various  horizons  contains  bowlders,  sometimes  of  large 
^ze,  and  beds  of  breccia  or  conglomerate  of  sub-angular  fragments. 
The  bowlders  are  of  granite,  gneiss,  schist,  quartzite,  etc.,  and  occur 
sometimes  singly,  and  sometimes  in  groups.  They  have  often  been 
thought  to  represent  deposits  made  by  icebergs,  and  so  to  point  to 
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ixistence  of  glaciers;^  but  this  interpretation  cannot  be  looked 
as  established.  Other  interpretations,  such  as  the  transporta- 
of  bowlders  by  uprooted  trees  floated  out  to  sea,  are  tenable, 
lough  the  C!oaI  Measures  are  widely  distributed  on  the  continent, 
Teas  where  they  are  exposed  are  relatively  small,  as  compared 
those  of  America.  It  is  not  in  all  cases  possible  to  say  whether 
letached  areas  are  the  dissevered  remnants  of  areas  which  were 
extensive,  or  whether  they  are  but  parts  of  areas  which  are  still 
luous,  though  largely  buried  by  yoimger  beds.  The  s}'stem 
trs  at  the  surface  in  relatively  large  areas  in  Belgium  and  northern 
3e,  and  in  small  areas  in  southern  France,  and  the  Iberian  penin- 
It  is  also  known  at  many  points  in  the  mountain  regions  of 
gtl  Europe,  and  has  great  development  in  Russia, 
orth  of  the  European  continent,  the  Carboniferous  formations 
ilina  limestone.  Coral  limestone,  etc.)  are  represented  in  some 
e  Arctic  islands  (Spitzbergen,  Nova  Zemla,  Bear  Island), 
lickness. — The  Coal  Measures  of  Europe  attain  great  tliickness, 
8000  feet  (13,500  including  the  Millstone  grit)  thick  in  Lan- 
re,  and  several  thousand  feet  in  many  parts  of  Great  Britain 
Ireland.  These  extraordinary  thicknesses  of  sedimentary  rock 
•eat  Britain  must  mean  the  presence  close  at  hand  of  somewhat 
sive  and  high  land  areas.^  The  corresponding  strata  attain  a 
ness  of  10,000  feet  in  western  Germany,  where  they  contain  much 

neous  rocks  and  crustal  disturbances. — The  granites  of  the  Harz, 
mgerwald,  Black  Forest,  Vosges,  and  other  mountains  of  central 
pe,  appear  to  date  from  the  end  of  the  Early  Carboniferous, 
;h  the  eruptions  probably  continued  into  the  Later  Carboniferous, 
us  sorts  of  igneous  rocks  are  associated  with  Upper  Carboniferous 
itions  of  sedimentary  origin  in  Brittany,  Scotland,  some  parts  of 
md  (Cornwall),  and  Scandinavia  (near  Christiana), 
le  extrusion  of  these  igneous  rocks  seems  to  have  been  an  accom- 
(lent  of  the  crustal  disturbances  which  were  in  progress  durmg 
•eriod.  In  middle  and  western  Europe,  these  disturbances  began 
e  close  of  the  Early  Carboniferous,  as  already  noted  (p.  516),  and 
lued  through  the  Permian.    The  truncated  remnants  of  the  western 

*  Ramsay,   Quar.   Jour.   Geol.   Soc.,   1855,  p.    185. 
2  Geikie,  Text-book  of  Geology,  4th  ed.  p.  1047. 
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part  (Ireland  to  central  France)  of  the  central  European  Paleozoic 
Alps  formed  at  this  time,  have  been  called  the  Armorican  mountains,' 
while  the  eastern  part  (southern  France  to  northern  Bohemia  and 
pi'rhaps  beyond),  has  been  called  the  Variscan  Alps.  Some  of  the 
Mtubs  of  these  old  mountains  have  been  uplifted  (relatively)  in  later 
times. 

The  Carboniferous  rocks  of  some  parts  of  Europe  have  been  much 
deformed.    In  Mons  (Belgium)  a  shaft  1050  feet  deep  passes  through 


the  same  bed  of  coal  six  times.  At  IJ^ge  in  Belpum,  and  in  the  Bou- 
lonnais  (France),  workable  coal  has  been  reached  after  penetrating 
the  inverted  Devonian  beds.^  Whi\e  these  are  extreme  cases,  deforma- 
tion of  a  less  pronounced  type  is  ^videsp^ead  in  western  Europe,  and 
not  imknown  elsewhere.    Figs.  273  and  204  represent  the  compU- 


cated  structure  of  the  system  at  the  locahtics  indicated,  and  Fig.  274 
shows  the  remarkable  subdivisions  or  branchings  of  a  thick  coal-bed. 

Other  Continents. 
Asia. — ^The  Upper  Carboniferous  of  Asia  is  represented  by  both 
marine   and  non-marine  formations.     The  latter  are   often  rich  in 
coal.    The  marine  phase  is  found  in  eastern  Turkestan,  at  the  mouth 

'  Suess,  AntliU  der  Erde,  Vol  II,  1888,  p.  42. 
'  Geikie,  op.  cit.,  p.  1053. 
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B  Lena,  in  some  of  the  mountains  of  Siberia,  in  western  and  north 
jrn  China,  at  Vladivostock,  in  eastern  Japan,  in  Kiangsi  in  southen 
1,1  and  in  Sumatra.  The  non-marine  phase  is  found  in  Heraclej 
;ia  Minor,  and  on  the  east  side  of  the  Middle  Urals,  where  it  con 
salt  and  gypsum,  and  in  various  parts  of  China. 
1  China,2  three  general  divisions  of  the  Carboniferous  have  beei 
nized.  The  lowest  corresponds,  in  a  general  way  at  least,  witl 
3wer  division  of  the  Carboniferous  limestone  of  Europe  (Mississip 
of  America);  the  second  is  the  coal-bearing  division,  containing 
L  bituminous  and  anthracite  coal;  while  the  third  is  marine 
sting  of  the  usual  phases  of  sedimentary  rocks,  and  seeming  t( 
spond  with  the  Upper  Carboniferous  limestone  of  Russia  anc 
ern  Europe,  and  with  part  of  the  Carboniferous  limestone  o: 
rn  North  America.  The  Carboniferous  of  some  parts  of  China 
ially  in  the  province  of  Shansi,  is  said  to  contain  coal-beds  whicl 
ss  any  found  elsewhere  in  the  whole  world.  In  the  province  o: 
si  there  is  said  to  be  a  coal-field,  35,000  square  kilometers  in  extent 
3  the  horizontal  beds  of  anthracite  reach  a  thickness  of  10  meters 
e  southwestern  part  of  China  there  are  also  great  beds  of  bitu 
LIS  coal .3  The  Carboniferous  system  is  also  present  in  India.-* 
frica.^ — The  Carboniferous  formations  of  northern  Africa  corre 
I  in  a  general  way  with  those  of  southern  Europe.  They  an 
ally  of  marine  origin,  so  far  as  now  known,  and  witliout  coal 
)utheastern  Africa,  a  single  Carboniferous  coal  basin  has  beei 
ted  near  Tet6  in  Zambesi.^  Upper  Carboniferous  rocks  are  als( 
ted  from  parts  of  Sahara  and  Egypt. 

jstralia  and  New  Zealand. — The  Carboniferous  (Permo-Carbon 
is)  system  is  well  developed  in  eastern  Australia  and  in  Queens 
Here,  as  already  noted,  the  Lower  Carboniferous  consists  o 
le  sedimentary  beds,  often  much  disturbed  and  metamorphosed 
associated  with  igneous  rock.  Above  the  Lower  Carboniferou 
he  Upper  or  Permo-Carboniferous  system,  which  contains  coal 

^ayser,  Formationskunde,  p.  203. 

ichthofen,  China. 

^ayser,  P'ormationskunde,  p.  205.     Citing  Richthofen,  China,  Vol.  II,  p. 473. 

Idham,  Geology  of  India,  2d  ed.,  1893. 

ayscr  and  Geikie,  op,  cit. 

!ayser,  Geologische  Formationskunde,  p.  207. 
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and  which  attains  the  remarkable  thickness  of  something  like  11,000 
feet.  The  system  is  remarkable  because  of  its  singular  conglomerates, 
some  of  which  are  of  glacial  origin.  These  will  be  referred  to  again 
in  connection  with  the  Permian. 

South  and  Central  America. — In  South  America,  rocks  of  Late 
(Upper)  Carboniferous  age  are  somewhat  widely  distributed,  though 
less  so  than  those  of  the  Devonian  period.  The  system  has  wide  dis- 
tribution in  the  lower  part  of  the  basin  of  the  Amazon,  where  it  rests 
on  older  formations  unconformably,  and  is  not  generally  coal-bearing. 
In  Central  America,  the  same  system  is  reported  from  Guatemala. 

THE  LIFE  OF  THE  PENNSYLVANIAN  PERIOD. 

I.  The  Plant  Life. 

With  the  opening  of  the  Carboniferous  period  the  supreme  bio- 
logical interest  shifted  from  the  sea  to  the  land,  and  centered  in  the 
vegetation  and  in  the  amphibians,  the  forerunners  of  the  great  line 
of  terrestrial  vertebrates.  The  leading  interest  lay  in  the  Coal  flora, 
and  to  that  we  turn  at  once. 

The  Coal  Flora, 

The  Carboniferous  vegetation  was  climacteric  in  two  senses,  which 
combine  to  make  it  doubly  interesting;  it  was  climacteric  in  its  preser- 
vation, and  it  constituted  a  real  climax  in  plant  history.  The  con- 
ditions that  favored  phenomenal  preservation  have  already  been  set 
forth.  This  extraordinary  preservation  has  with  little  doubt  given 
the  Coal  flora  a  degree  of  prominence  over  the  preceding  and  succeed- 
ing floras  that  it  did  not  altogether  possess,  and  there  is  perhaps  need 
to  be  on  guard  against  over-emphasis;  but  it  was  really  a  great  period 
in  the  history  of  plant-life.  The  leading  factor  was  the  pteridophytes 
which  at  this  time  reached  their  widest  deployment,  and  the  summit 
level  of  their  organization.  Ancestral  gymnosperms  were  present, 
but  they  held  a  secondary  though  not  unimportant  place.  The  angio- 
sperms,  the  present  ruling  type,  had  not  yet  appeared.  The  lower 
groups  are  but  feebly  represented  in  the  record.  It  is  not  certain 
that  there  were  any  mosses  or  liverworts,  though  Renault,  Zeiller, 
and  others  think  that  mosses  were  probably  present.  There  are  good 
theoretical  grounds  for  believing  that  bacteria,  fungi,  and,  in  moist 
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es,  semi-terrestrial  algs  were  present  in  great  abundance,  but 
obvious  reasons  their  record  is  obeciu^.  Regnault  has  identified 
cria. 

X  was  emphatically  the  period  of  the  Ptertdophytes,  and  thor 
oyment  in  numbers,  size  and  grade  of  organization  was  very  remark- 
There  were  true  ferns,  transitional  fema,  and  fem-like  gym- 
^erms;  there  were  horsetails  in  the  form  of  calamarians,  spheno- 
lis  in  typical  development,  and  gigantic  lycopods  in  the  fonn 
epidodendrons  and  sigillarias,  or,  in  more  technical  terms,  then 


27r). — A  composite  group  of  leading  Carboniferous  plants  adapted  from  restore- 
ions  by  various  paleobotanists  by  Mildred  Mairin.  In  the  foreground  at  the 
iglit,  Leptdoilrndrnn ;  at  the  left  Sigillmia;  in  the  right  center  rear,  a  tree  fern; 
I  the  left  center  rear,  Cordailcx,  at  the  extreme  right  and  left,  CaUxmites. 

:>  Filicales,  Cycadofilices,  Equisetaks,  Sphenophyllales,  and  Lyco- 
iales,  all  the  great  divisions  of  the  group,  and  all  of  tlicse  were 
'ly  or  quite  at  their  climax,  and  some  of  them  were  verging  into 
T  types.    An  attempt  is  made  to  represent  their  general  aspect 
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The  Filicales. — Fern-like  leaves  surpassed  all  other  fossil  forms 
I  number,  but  it  is  now  known  that  many,  perhaps  even  a  majority, 
:  these  belonged  to  the  transition  group,  Cycadojilices.  True  ferns 
ere  present  and  apparently  abundant,  but  precisely  how  abundant 

yet  undetermined.  The  ferns  were  a  strangely  persistent  type,  like 
le  brachiopods  in  the  sea.  At  their  first  appearance  in  the  record, 
ley  had  already  the  distinctive  forms  of  existing  ferns  (Figs.  275,  276, 
-c,  and  277).     Later  they  played  a  notable  part  in  the  floras  of 


io.  276. — A  eroup  of  fern  fronds:  a.  NeuropUrii  auHculala,  Br^,;  b,  N.  an^utlMia, 

/,  l>irtyopleru  rvbelia,  Ls.;    g,  ArchaopterU  boehtvuvi,   Goepp.;    h,  Splienop<eri» 
ipUndetu.Lx, 

uany  periods,  and  they  are  yet  an  appreciable  feature  in  the  plant 
?orld.  Ferns  may  be  found  to-day  that  might,  so  far  as  outer 
onn  is  concerned,  be  referred  to  genera  prevalent  in  Carboniferoug 
ime;  yet  under  this  general  similarity  and  persistency  of  form,  they 
lave  undergone  notable  changes  of  structure  and  function.    In  Car- 


ferous  times  they  had  more  comprehen^ve  characters,  and  m 
art  more  primitive  than  now,  and  in  part  more  advanced,  or 
:  more  closely  allied  to  the  higher  type,  gymnosperms.  The  fruiti 
ns.  however,  were  only  rarely  well  preserved,  and  this  limits 


277. — A  group  of  plant  foesUs,  occurring  in  concretions  in  the  Coal  Measure 
[azon  Creek,  111.;  a,  NcuroyUrii  dccipiens  Lx.;  6,  and  r,  Pecopleris  nnila  Bi 
,  CilHpteridium  sp.;  e,  Annularia  limgijolia  Brgt.;  /,  Annularia  spenophyllo 
enk.,    g,    Cordianlhvn    sp,,   and   h,   Leptdcslrobva   sp. 

isc  knowledge  of  rank  and  kinship  in  many  species.  The  niajoi 
!  herbaceous,  but  there  were  many  tree  ferns  some  of  which  react 
hts  of  sixty  feet.  One  of  these  is  represented  in  the  right  rear  c 
3f  the  group  in  Fig.  275.  The  fronds  of  several  prominent  gen 
illustrated  in  Fig.  276,  some  of  which,  however,  probably  belonj 
ransitional  types,  and  not  true  ferns.    The  ferns  seem  to  have  b 
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tven  then  about  as  well  diflferentiated  from  the  horsetails  and  lycopods 
us  they  are  now,  and  so  their  ancestry  is  not  revealed  by  close  approach 

0  more  primitive  forms ;  but,  on  the  other  hand,  their  relations  to  their 
lescendants  seem  to  be  shown  by  transitional  forms,  particularly  by 
m  interesting  group  not  yet  well  defined,  the  Cycadofilices,  through 
{vhich  they  seem  to  have  evolved  into  cycads,  and  perhaps  into  the 
svhole  gymnospermous  group,  though  this  is  an  open  question. 

The  Cycadofilices  (Pteridospermae).^ — It  has  recently  been  ascer- 
tained that  not  a  few  of  the  fern-Uke  forms  possessed  structural  features 
w^hich  combine  the  characteristics  of  ferns  and  of  cycads,  and  seem  to 
represent  the  line  of  evolution  from  ferns  to  cycads.  They  have  hence 
been  called  Cycadofilices  by  Potonie.^  It  has  been  further  found  that 
some  of  these  bore  seeds,  and  such  have  been  called  Pteridospermw  by 
31iver  and  Scott.^  Of  these,  the  best-known  form  is  Lyginodendron, 
illustrated  by  the  excellent  restoration  of  Scott  and  Allen  (Fig.  278), 
svhich  exhibits  the  spiny  stems  and  leaves,  the  highly  dissected  foliage, 
the  adventitious  roots,  and  the  general  aspect.  The  leaves  had  well- 
marked  palisades  (vertically  elongated  cells  arranged  side  by  side  as 

1  protection  against  too  intense  sunUght,  and  hence  significant  of  atmos- 
pheric conditions),  with  the  breathing  pores  (stomata)  on  the  underside 
3f  the  leaf.  ''The  whole  structure  is  altogether  comparable  to  that  of 
I  fairly  coriaceous  fern-leaflet  at  the  present  day,  and  indicates 
:hat  the  conditions  to  which  the  structure  was  adapted  could  not 
lave  been  fundamentally  different  from  those  which  prevail  in  our 
)wn  epoch.''  *  The  limits  of  the  group  are  not  yet  known,  but  it  is 
thought  to  include  Lyginodendron,  Heterangium,  Megahxylon,  Clado- 
ioxylon,  Calamopitys,  MeduUosa,  and  other  genera  founded  on  stem- 
jtructure,  and  some  at  least  of  the  species  referred  to  Sphenopteris, 
Alethopteris,  Neuropteris,  Odontopteris,  CaUipteris,  Linopteris,  Aneimites 
[Adiantes),  CaUipteridium,  and  Lesleya,  genera  founded  on  fronds. 

*  Scott,  Studies  in  Fossil  Botany,  Lectures  X  and  XI,  and  Pres.  Add.  Roy.  Misc. 
5oc.,  Apr.  1895,  Pt.  2,  pp.  137-140.  Also  David  White,  Fossil  Plants  of  the  Group 
Cycadofilices,  Smithson.  Misc.  Coll.,  Vol.  47,  Pt.  3,  pp.  377, 390, 1905. 

'  Potonie,  Lehrbuch  die  Pflanzenpaleontologie,  p.  60,  1899. 

»Proc.  Roy.  Soc.,  Vol.  LXXI,  1903,  p.  477,  and  Vol.  LXXIII,  1904,  p.  4;  PhU. 
Drans.,  Vol.  697,  B,  1904,  p.  193.  As  the  bearing  of  seed  places  these  forms  among 
lie  gymnosperms  in  the  most  extended  sense  of  that  term,  it  is  doubtful  whether  the 
enn  Pteridosperma  can  properly  be  retained,  and  the  earlier  term  Cycadofilices  is 
;iven  precedence  here. 

« Scott,  Studies  in  Fossil  Botany,  p.  326. 


I  froiKl-genera  belong  in  large  part  to  the  stem-genera,  the  fromfe 
Hie  Lyginodcndron  being  sphenopterids,  those  of  MeduUosa,  neurop- 
ils ami  alethoptericls,  and  so  forth;  but  the  full  association  of  fronib 
1  -Stems  has  not  yet  been  determined.     How  nearly  the  group  graili^ 

1  the  true  ferns  is  not  known,  but  in  a  general  way  it  constitute  a 
Jiiition  series  between  the  ferns  and  cycads,  and  is  apparently  an 
Biration  of  a  radical  evolution  in  progress.  Initial  forms  have 
Icntified  from  the  Devonian  and  Subcarboniferous,  and  a  fen 


Ifnund  in  the  Permian;  but  the  group  is  essentially  Carboniferous, 
Icli  suggests  that  probably  the  evolution  ft-as  niainlj-  accomplished 
Ivpcri  the  Devonian  anti  the  close  of  the  Carboniferous. 
I  The  Equisetales  (calamites,  horsetails). — What  is  now  the  lowly 
<if  )i(irs(>t;iils  wilh  ;t  siupilp  gin\\]s,Bquisetum,  constituted  a  marked 
re  ill  flic  Carlioniferous  flora,  in  the  form  of  Calamites.  These 
liuiirians  not  onh'  attained  much  greater  sizes,  but  much  higher 
1  more  varied  organizations  than  the  present  equiseta.  Even  the 
■est   tropical   members   of   to-day,  on  the  eastern   slope   of    the 
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Andes,  have  but  slender  stems  30  or  40  feet  long,  whereas  the  Carbon- 
iferous calamites  reached  a  foot  or  two  in  diameter  and  probably  60  to 
90  feet  in  height.  The  calamarians  had  hollow  stems,  or  a  core  of 
pith  only,  and  casts  of  the  interior  are  among  the  most  common  forms 
of  the  fossil  (Fig.  279,  a).  The 
constriction  at  the  node  in  the  cast 
is  due  to  the  internal  thickemng 
of  the  walls,  the  complement  of 
a  ring-like  expansion  extemalh 
The  greatest  divergence  of  the  stem 
from  the  modern  forms  consLstod 
in  a  secondary  growth,  apparenth 
a  means  of  strengthening  the 
stem  to  meet  the  exigencies  of  great 
growth.  The  arrangement  of  the 
stem  tissues  was  also  much  more 
complex  than  in  modern  forms 
More  notable  geologically  t  hiii 
either  of  these  features  was  a  great 
development  of  cork  on  the  outside 
sometimes  reaching  a  thickness  of 
two  inches  or  more.  This  probablj 
implies  adaptation  to  some  climatic 
or  other  phj-sical  condition.  Cala 
mite  stems  have  been  found  show- 
ing wounds  which  had  been  healed 
over  by  wound  cork,  as  in  modern 
times.  The  branches  from  the  main 
tnmk  were  comparatively  few,  and  placed  in  whorls.  The  leaves 
also  were  placed  in  whorls  (Fig.  279,  6)  and  were  apparently  very  nmcb 
bedwarfed  from  some  ancestral  form,  but  not  so  much  so  as  in  the 
modem  type  in  which  the  leaves  have  almost  disappeared.  In  the 
Devonian  ArcheocaJamites,  the  leaves  were  forked;  in  the  Carbon- 
iferous calamites,  they  were  lanceolate,  implying  a  progressive  sim- 
plification of  the  leaf.  The  upper  and  lon-er  sides  of  the  lea\'es  were 
strongly  contrasted,  the  stomata  deeply  set,  and  the  palisades  radially 
arranged;  in  short,  the  structure  was  of  the  type  adapted  to  dry  weather 
(xerophytic)  as  in  the  pine  and  in  many  desert  plants,  and  also,  strangely 


Fig.  279. — Carboniferous  Eqiiisetales  and 

Sphenopliyllales:  a.  Calamiles  cintii;  h. 
Annularia  sphenopkijUmden;  r,  Spheno- 
phyltiim  lungijotium. 
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gh,  in  undrained  swamp  plants.  The  trunks  arose  from  sto 
rground  rhizomes.  The  root  structure  was  of  the  type  common 
i  under  water  or  in  wet  mud.  The  reproductive  organs  were 
s  or  strobiles,  and  gave  evidence  of  higher  development  than  no^ 
calami tes  were  probably  associated  in  thickets  or  jungles  of  tl 
•brake  or  bamboo  type.  Grand' Eury  reports  great  forests  of  the 
'iu  in  central  France.  They  probably  frequented  swamps  ai 
jids.    As  the  calamites  were  well  differentiated  in  the  Devonia 

history  may  run  far  back.  Their  derivation  is  uncertain,  bi 
lext  group  throws  much  Hght  on  their  relations. 
he  Sphenophyllales. — Recent  studies  have  shown  that  the  grac 
dender  plants  with  whorled  leaves,  referred  to  the  genus  Sphen 
um  (Fig.  279,  c),  and  formerly  classed  as  calamites,  differ  in  impc 
features  from  all  calamarians,  and  from  the  other  great  divisio 
ie  pteridophytes,  and  form  a  class  by  themselves.  Their  impoi 
Ues  chiefly  in  the  fact  that  while  they  have  certain  calamarii 
ires,  they  have  others  possessed  by  the  lycopods,  which  is  int( 
id  to  mean  that  these  two  groups  were  imited  with  the  Spheti 
ales  in  a  common  ancestral  form.^  The  stems  were  long,  slende 
apparently  weak,  and  so  a  cUmbing  habit  has  been  inferred.  T 
js  were  without  palisades,  suggestive  of  a  shady  habitat,  perha 
of  undergrowth.  The  class  was  represented  in  the  Devonis 
its  climax  in  the  middle  Coal  Measures,  and  continued  into  t 
lian  and  possibly  later. 

he  Lycopodiales. — This  was  the  master  group  of  the  Coal  floi 
tituting  trees  of  large  size  and  attaining  to  the  highest  orgai 
•n  reached  by  the   pteridophytes.    From  that  high  estate,  th 

since  fallen  to  prostrate  or  weakly  ascending  plants  of  mo; 
aspect  (club  mosses,  ground  pines).  The  chief  genera  were  Le] 
*idron  and  Sigillariaj  of  which  the  former  was  the  earUer  and  si: 
type.  Both  take  their  names  from  the  leaf -scars  or  leaf-cushic 
(los  =  scale,  sigilla  =  seal)  which  the  trunks  retained  with  mu 
stency,  implying  little  or  no  exfoliation,  though  the  trunks  w( 
ted  by  secondary  growth.  The  scars  are  for  the  most  part  t 
bases  or  leaf -cushions,  rather  than  the  actual  scar,  which  occup 
a  small  part  of  the  cushion.  In  the  lepidodendrons  they  are  ; 
ed  spirally  (Fig.  280);  in  the  sigillarians,  vertically  (Fig.  281). 

Seward,  Fossil  Plants,  p.  413.     Scott,  Studies  in  Fossil  Botany,  p.  494. 
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The  trunks  of  lepidodendrons  were  erect  and  branched  dichoto- 
mously  at  a  great  hei^t,  some  having  been  found  100  feet  in  length, 
which  is  probably  not  the  maximum.  The  leaves  were  linear  or  needle- 
shaped,  rang^g  up  to  six  or  seven  inches  in  length,  and  were  set  densely 
on  the  branches.  The  breathing  pores  were  confined  to  the  walls 
of  two  very  deep  furrows  on  the  underside  of  the  leaves.  Besides  a 
protecting  epidermis,  there  were  thick-walled  cells  within,  as  in  the 
modem  pine,  and  the  mesophyll  was  loose  without  palisades,  facts 
of  interest  as  bearing  on  cUmatic  or  other  conditions  to  be  discussed 
later.    The  manner  of  reproduction  is  a  point  of  peculiar  interest, 


Fio.  281,- 


for  in  some  cases  the  fruit  seems  to  have  taken  on  the  characteristics 
of  seeds  rather  than  spores,  making  the  development  of  the  lycopods 
fall  into  analogy  with  that  of  the  fern  group,  in  passing  from  the  spore- 
bearing  to  the  seed-bearing  habit.  It  is  not  yet  known  whether  any 
of  these  seed-bearing  lycopods  developed  into  permanent  gymno- 
spermous  types  or  not.  One  form  of  the  fruit  was  distinctly  winged, 
and  other  forms  showed  adaptation  to  transportation  by  wind.  Over 
100  species  have  been  described. 

The  sigillarians  differed  from  the  lepidodendrons  in  being  almost 
entirely  unbranched.    They  were  perhaps  the  largest  of  the  Carbon- 
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US  trees,  their  ribbed  trunks  being  known  to  reach  six  feet  i 
leter,  and  100  feet  or  more  in  height.  As  in  lepidodendrons,  th 
s  were  densely  clothed  with  erect,  rigid,  linear  leaves,  which  ha 
deep  furrows  on  the  under  side  to  which  the  breathing  pores  wei 
ned.  The  pores  were  protected  still  further  by  hairs  in  the  fir 
The  sigillarians,  like  the  lepidodendrons,  have  secondary  woo 
a  thick  cork  layer.  The  degree  of  development  of  cork  is  alma 
ualled  in  modern  trees,  except  in  the  cork-oak  and  its  allies. 
tigmaria  were  the  roots,  or  perhaps  stolons,  of  sigillarians  an 
ably  of  lepidodendrons,  the  scars  that  mark  them  being  the  poini 
.tachment  of  appendages  or  rootlets.  Tap  roots  are  never  pre^ 
the  main  roots,  usually  four  in  number  at  the  start,  spreadin 
iontally. 

f^  have  entered  thus  into  detail  respecting  these  remarkab 
:s,  partly  because  of  the  interest  which  they  have  as  the  coi 
ents  of  the  first-known  great  forests,  and  partly  because  not 
Df  their  features  are  suggestive  of  the  cUmatic  and  other  physic 
itions  by  which  they  were  surrounded,  a  question  to  be  considere 
ntly. 
he  lepidodendrons  seem  to  have  reached  their  cUmax  early  in  tl 

Measure  period  and  to  have  declined  during  the  later  portio 
lat  they  had  nearly  all  disappeared  by  the  close  of  the  perio 
le  latter  part  of  the  period,  the  sigillarians  passed  the  lepidode: 
s  in  abundance,  but  they  also  were  decidedly  on  the  wane  j 
lose.  Whether  or  not  this  rather  sudden  decline,  followed  bv  £ 
'  extinction,  was  connected  with  such  cUmatic  changes  as  a: 
ated  by  the  glaciation  of  India,  Australia,  and  South  Afric 
svhich  seem  to  have  oecu  ed  not  far  from  tliis  time,  is  a  questic 
h  naturally  arises,  but  it  cannot  be  answered  demonstrative! 
resent. 

he  Cordaites. — This  was  a  remarkable  extinct  family  of  the  g}'mn< 
nous  typo,  having  alliances  with  the  cycads,  conifers,  and  ginkgo 

yet  many  distinctive  features  of  its  own.  The  cordaites  wei 
rather  slender  trees,  reaching  two  or  more  feet  in  diameter,  an 
3et  or  more  in  height.  The  wood  was  of  the  coniferous  typ 
red,  as  in  so  many  other  plants  of  the  period,  by  a  tliick  con 

bark.  The  trunks  had  a  large  pith.  The  leaves  were  parall 
Hi,  suggestive  of  monocotyls  of  the  yucca  type,  and  sometime 
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attained  a  length  of  six  feet  and  a  width  of  half  a  foot.  Thoy  wvre 
preserved  in  great  abundance  and  make  up  a  large  part  of  some  beds 
of  coal.  The  leaf nstructure  combined  characters  now  possessed  by 
certain  conifers,  with  others  possessed  by  certain  cycads.  Palisades 
were  sometimes  well  developed,  though  sometimes  replaced  by  wat^r- 
storage  tissues.  In  one  form  observed,  the  leaf  had  a  distinctly  fleshy 
character,  as  if  adapted  to  xerophytic  Ufe.^  The  floral  organs  were 
peculiar  to  the  family  and  have  been  worked  out  with  marvelous  suc- 
cess, even  the  structure  of  the  pollen  having  been  determined.  The 
inflorescence  took  the  form  of  separate  male  and  female  catkins, 
arranged  on  slender  stalks  attached  to  the  stem  between  the  loaves. 
The  seeds  {Cardiocarjms)  were  of  the  cycadian  rather  than  of  the 
conifer  type,  and  were  very  abundant  and  sometimes  winged,  with 
a  \dew  to  wind  transportation.  In  the  working  out  of  the  struct un; 
of  the  cordaites,  it  has  been  shown  that  many  fossils  referred,  on  account 
of  the  wood  structure,  to  conifers  (e.g.  Dadoxylon,  Armwariojrj/lon)^ 
are  cordaitean,  and  that  the  forms  kno\vn  as  Artisia  or  Sternberr/ia 
are  casts  of  the  pith-cavity  of  cordaites;  and  not  a  few  other  mis- 
interpretations have  been  corrected. 

The  transfer  of  so  many  supposed  conifers  to  the  cordaites  loaves 
it  doubtful  whether  any  true  conifers  are  recorded  from  thc»  Carbon- 
iferous, though  they  were  probably  represented  in  the  Permian.  Numor- 
ous  seeds  are  found  in  Carboniferous  beds  that  cannot  certainly  be 

* 

referred  to  cordaites  or  other  known  forms,  some  of  which  may  belong 
to  conifers.  As  previously  remarked,  the  upland  vegetation  Is  not 
known,  and  it  is  not  impossible  that  conifers,  a  type  specially  suited 
to  an  upland  habitat,  prevailed  there. 

Cycads  have  been  commonly  reported  from  the  Carboniferous, 
but  the  evidence  remains  inconclusive;  the  same  may  be  said  of  the 
ginkgos.    There  is  no  eWdence  whatever  of  angiosperms. 

The  Distribution  of  the  CarboniferofUi  Flora. 

The  Coal  flora  of  North  America  and  that  of  Europe  were  strikingly 
similar,  imfdj^ing  close  geographic  relations  and  like  conrlitions.  Nearly 
all  the  gen«^,  and  about  one  third  of  the  species,  were  i<^lentical.  In 
port  at  least,  this  flcH-a  extenrled  to  high  latitudes  in  the  environs  of 

'  Seott,  Studies  in  Fossil  Botany,  p.  42.5. 
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Forth  Atlantic,  as  shown  by  Heer,^  and  others.  Species  of  Astro- 
teSj  Sphenopteris,  Sphenophyllum,  Lepidodendron,  Stigmariay  and 
ites  have  been  found  in  Spitzbergen,  including  the  cosmopolitan 
s  Lepidodendron  steTmbergii  and  Cordaites  borassifolius.  Sphenop- 
is  reported  from  Melville  Island  in  association  with  coal.  A 
similar  flora  is  found  in  the  Coal  Deposits  of  China,  embracing 
)teridiumj  NeuropteriSj  Palceopteris,  Sphenopteris,  Calarnites,  Spheno- 
iTHj  Lepidodendron,  and  Cordaites,  In  southern  Asia  neither  the 
1  nor  its  bearing  is  altogether  clear.  In  the  Salt  Range  in 
western  India,  the  marine  "Productus  beds ''  contain  some  species 
led  as  Carboniferous,  commingled  with  others  of  more  recent 
b,  while  at  its  base  are  bowlder  beds  with  glacial  markings,  imply- 
onditions  quite  at  variance  with  the  warmth  and  uniformity 
y  postulated  for  the  Coal  Measures  period.  In  the  center  of  the 
5ula  of  India,  the  Talchir  formation  contains  both  coal  and  gla- 
eds,  and  is  referred  by  authors  with  hesitation  to  the  Upper  Car- 
Tous  and  Permian.  In  Australia,  the  earliest  coal-beds  contain 
odendron  and  Cordaites,  but  the  chief  coal-beds  contain  Glossop 
[a  tongue-shaped  fern)  and  its  associates,  to  be  described  later, 
y  associated  with  these  coal-beds  are  glacial  beds  also  to  be 
bed  later.  The  Glossopteris  flora  characterizes  all  the  plant- 
:hat  are  later  than  the  glacial  beds.  Species  of  Glossopteris  seen: 
ve  appeared  before  the  formation  of  the  glacial  beds,  and  per- 
as  earlv  as  the  Lower  Carboniferous.  In  South  Africa  there 
ods  containing  Lepidodendron  and  other  Carboniferous  specieSj 
in  unconformably  by  the  Dwyka  Conglomerate,  a  part  of  which 
3ial,  and  above  which  the  Glossopteris  flora  prevails, 
king  the  phenomena  of  India,  Australia,  and  South  Africa 
ler,  they  make  a  puzzling  combination.  If  the  chief  coal-beds 
erred  to  the  Carboniferous  proper,  it  introduces  glacial  beds, 

great  floral  break,  into  the  midst  of  a  system  which  has  usually 
held  to  be  marked  by  great  uniformity  the  world  over.  It  is, 
er,  more  probable  that  tlie  glacial  beds  and  all  the  formations 

them  are  to  be  referred  to  the  Permian  period,  and  this  inter- 
ion  will  be  followed  in  this  work.  Even  when  these  extraordinary 
tions  are  eUminated,  it  is  not  wholly  clear  that  the  flora  of  the 
Tn  regions  was  very  closely  identical  with  that  of  the  northern. 

»  Flora  Fossilis  Arctica,  IV,  1877. 
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Lepidodendron  and  SigiUaria  extended  to  that  region,  but  GlossopteriSj 
singularly  related  to  the  glacial  formations,  seems  to  have  been  con- 
temporaneous with  them,  while  it  did  not  reach  Europe  till  the  late 
Permian  and  is  not  known  to  have  reached  North  America  at  all. 
With  the  present  imperfect  data  for  the  southern  hemisphere,  it  is 
uncertain  whether  the  northern  coal  flora,  as  a  whole,  ever  extended 
to  that  region,  although  some  of  its  leading  genera  certainly  did. 
WTiile  recognizing  the  great  imiformity  of  the  Carboniferous  vegeta- 
tion of  North  America,  Europe,  and  a  portion  of  Asia,  it  is  prudent 
to  hold  opinion  in  reserve  relative  to  the  southern  hemisphere. 

Climatic  Implications  of  the  CoaUplants, 

WTiile  the  foregoing  facts  are  fresh  in  mind,  it  may  be  best  to 
inquire  what  suggestions  arise  from  the  characters  of  the  plants  rela- 
tive to  the  atmospheric  conditions  under  which  the  Coal  flora  grew. 
Two  rather  antagonistic  views  relative  to  these  conditions  have  been 
held.  The  older  of  these  views  regards  the  accumulation  of  the  thick 
deposits  of  coal  as  evidence  of  a  very  luxuriant  growth  of  vegetation, 
which  in  turn  has  been  thought  to  imply  a  very  warm,  moist  atmos- 
phere, heavily  charged  with  carbon  dioxide.  The  abundance  of  tree- 
ferns  and  of  large  equiseta,  such  as  now  are  found  only  in  tropical 
coimtries,  has  been  thought  to  strongly  support  this  view.  The  occur- 
rence of  coal  deposits  and  of  the  Coal  flora  in  high  latitudes  has  been 
appealed  to  as  proof  of  uniformity  of  climate.  This  view  was  formerly 
held  almost  imanimously,  and  still  preponderates.  Its  grounds  seem 
to  be  strong.  The  alternative  view  which  has  grown  up  in  recent 
years  postulates  less  rapidity  of  growth,  less  warmth  and  moisture, 
and  more  diversity  of  atmospheric  states,  as  well  as  a  nearer  approach 
to  the  present  atmospheric  constitution,  though  it  accepts  a  some- 
what increased  percentage  of  carbon  dioxide,  and  assumes  a  milder 
and  more  imiform  climate  than  the  present.  The  basis  of  this  view 
(held  in  different  degrees  and  phases  by  different  geologists)  is  found 
in  the  following  considerations.  Great  thicknesses  of  coal  do  not 
necessarily  imply  rapid  accumulation,  any  more  than  great  thick- 
nesses of  limestone.  Given  favorable  conditions  of  preservation,  a 
slow  growth  will  produce  the  thicknesses  realized.  At  present  the 
accumulation  of  peat,  the  nearest  analogue  of  coal  formation,  indeed 
the  first  step  in  coal  formation,  is  most  favored  in  cool  climates,  and 
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ifly  taking  place  in  high  latitudes,  though  it  is  also  taking  place 
;ored  situations  in  low  latitudes.  These  situations,  however, 
ther  rare  and  local,  while  peat  formation  in  high  latitudes  covers 
areas.  A  high  temperature,  while  it  promotes  a  luxuriant  growth 
;etation,  also  promotes,  in  an  even  higher  degree,  decomposition, 
usual  conditions. 

e  characteristic  foliage  of  a  warm,  moist  atmosphere  takes  the 
of  broad  leaves  with  a  thin  epidermis  and  with  many  and  large 
ling  pores,  affording  abundant  facilities  for  the  transpiration 
isture.  The  dominant  plants  of  the  Coal  flora,  notably  the  char- 
jtic  lepidodendrons  and  sigillarias,  have  narrow  leaves  with  the 
ling  pores  confined  to  deep  furrows  on  the  imder  side,  and  even 
in  some  cases,  protected  by  hairs,  devices  that  are  common  when 
ant  must  guard  itself  against  too  rapid  expiration  of  moisture, 
s  technically  known  as  xerophytic.  These  have  been  care- 
noted  in  the  preceding  descriptions,  because  of  their  possible 
3ance.  It  was  also  observed  that  most  of  the  leaves  of  the  forest- 
,vere  protected  from  too  great  action  of  the  simlight,  by  palisade 
)n  the  upper  sides  of  the  leaves.  It  was  noted  further  that 
of  the  trees  were  clothed  by  unusually  thick  corky  bark,  as 

1  protection  from  external  conditions  was  needed.  It  has  been 
ted,  indeed,  that  this  bark  was  succulent,  rather  than  corky,  but 
le  part  best  preserved,  and,  according  to  Dawson,  often  makes  up 

2  part  of  the  coal,  because  the  wood  and  the  foliage  more  largely 
2d,  facts  hardlv  consistent  with  a  succulent  nature.  The  remark- 
•reservation  of  the  leaf  scars  is  interpreted,  on  the  one  side,  to 
an  extremely  rapid  growth  and  quick  burial,  and  on  the  other 
o  mean  a  texture  very  resistant  to  decomposition,  and  an  atmos- 
unfavorable  to  decomposition,  by  reason  of  dryness  or  coolness. 

as  a  wliole,  the  thickness  of  the  bark,  its  superior  resistance 
:;omposition,   the  form  of  the  leaves,  presenting  small  surfaces 

than  expansive  ones,  with  their  strong  sclerenchjTnatous  tis- 
their  palisades,  and  their  restricted  and  protected  stomata,  give 
lounced  xerophytic  aspect  to  the  overgrowth  made  up  of  lepi- 
drons,  sigillarias,  calamites,  and  cordaites.  It  is  not  equally  so 
he  underg^o^\ih,  the  ferns,  and  the  sphenophylls,  but  this  should 
5  expected  of  shaded  plants,  unless  the  aridity  was  extreme, 
e  force  of  the  inference  from  the  xerophytic  aspect  of  the  over- 
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growth  is  much  weakened,  however,  by  the  fact  that  the  vegetation 
of  undrained  swamps  and  bogs  assumes  many  of  these  xerophytic 
features,  which,  in  such  cases,  obviously  become  pseudoxerophytic. 
A  satisfactory  explanation  of  this  phenomenon  has  not  yet  been  found, 
nor  has  its  extent  and  its  limitations,  either  in  respect  to  the  nature 
and  degree  of  swampiness  necessary  to  produce  it,  or  in  respect  to 
the  kinds  of  plants  or  the  parts  of  plants  affected,  been  so  thoroughly 
worked  out  as  to  permit  a  close  application  to  the  problem  in  hand. 
It  is  obvious  that  to  fit  the  case,  marsh  or  bog  conditions  must  have 
produced  pseudoxerophytic  adaptations  in  the  great  mass  of  the 
tree  growi;h,  but  not  in  the  ferns  and  sphenophyllous  plants.  The 
effects  must  apparently  also  be  extended  to  all  plants  brought  into 
the  depositing  basins  by  drainage,  whether  these  were  true  swamp 
plants  or  not,  unless  a  closer  study  of  the  C!oal  flora  shall  show  that 
the  xerophytic  aspect  was  not  assumed  by  all  species  of  the  trees 
involved.  It  is  clear  that  a  more  critical  study  of  the  problem  on 
all  sides  is  necessary  before  a  final  conclusion  can  be  reached.  This 
will  become  the  more  apparent  when  we  bring  into  consideration, 
as  we  must  a  little  later,  the  extraordinary  phenomena  of  glaciation 
in  low  latitudes,  alternating  with  coal  deposition,  though  the  flora 
then  involved  was  not  identical  with  that  here  considered.  It  bears, 
however,  on  the  question  whether  thick  coal-beds  necessarily  mean 
rapid  growth.  It  will  be  found  that  the  coal-beds  that  lie  between 
the  glacial  beds,  attained  the  usual  thicknesses. 

The  influence  of  increased  carbon  dioxide  on  plant  growth. — It  has 
been  commonly  believed  that  a  moderate  increase  of  carbon  dioxide 
in  the  air  would  promote  a  more  luxuriant  plant  growth,  and  some 
experiments  seem  to  confirm  this.^  In  recent  experiments  by  Brown 
and  Escombe,^  on  the  contrary,  where  an  increase  of  carbon  dioxide 
to  the  extent  of  three  or  more  times  the  normal  amount  was  used,  the 
growth  of  the  plants  employed  (angiosperms)  was  appreciably  decreased, 
the  structure  was  adversely  modified,  the  gro\\'th  of  the  intemodes 
was  checked,  the  leaves  became  smaller,  and  there  were  changes  of  a 

'  E.  C.  Tealoresco,  Influence  de  TAcide  Carbonique  sur  la  Forme  et  la  Structure 
des  Plantes.     Rev.  Gen.  de  Botanique,  Vol.  II,  1899. 

'  The  Influence  of  Varying  Amounts  of  Carbon  Dioxide  in  the  Air  on  the  Photo- 
synthetic  Process  of  Leaves  and  on  the  Mode  of  Growth  of  Plants.  Proc.  Roy.  Soc., 
London,  LXX,  1902,  p.  379;  On  the  Influence  of  an  Excess  of  Carbon  Dioxide  in 
the  Air  on  the  Form  and  Internal  Structure  of  Plants,  ibid.,  p.  413 
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leritic  nature  in  the  tissues  and  general  aspect  of  the  plant,  while 
lowering  was  greatly  restricted,  and  in  some  cases  prevented  alto- 
3r.  At  the  same  time  it  was  shown  that,  temporarily,  the  photo- 
iiesis  of  the  carbon  dioxide  was  increased,  and  that  the  leaves 

engorged  with  starch.  The  inference  was  drawn  that  the  dwarf- 
jffects  were  due  to  a  disturbance  in  the  adjustments  of  the  plant, 
might  perhaps  be  overcome  in  time  by  means  of  a  gradual  change, 
hat  no  safe  conclusions  can  be  drawn  relative  to  the  effects  of 
xiation  in  the  proportion  of  carbon  dioxide  brought  about  by  a 
ge  of  geological  slowness.  It  is  to  be  noted,  too,  that  the  plants 
rimented  on  were  all  angiosperms,  and  may  be  more  subject  to 
u-bance  by  increased  carbon  dioxide  than  the  lower  groups  which 
1  in  Carboniferous  times. 

'he  seemingly  conflicting  import  of  the  preceding  considerations 
3  uncertainty  to  all  inferences,  and  invites  reserve  in  interpreta- 

as  well  as  more  critical  study  in  the  field  and  laboratory. 

II.  The  Land  Animals. 

lie  animal  life  of  the  land  embraced  amphibians,  insects,  spiders, 
3ions,  and  myriapods.  The  development  of  the  amphibians  was 
most  significant  feature,  for  it  was  the  initiation  of  the  great  line 
md  vertebrates,  the  ruling  d}Tiasty  from  that  day  to  this, 
'he  rise  of  the  amphibians. — Tracks  attributed  to  amphibians 
r  as  early  as  the  Devonian.  In  the  Mississippian,  there  is  a  similar 
rd  of  a  four-footed  animal  of  thirteen-inch  stride,  believed  to  have 
.  made  by  one  of  the  primitive  amphibians,  but  in  neither  of  these 
)ds  have  any  relics  of  the  animal  itself  been  found  in  America, 
only  imperfect  fossils  in  Europe.  These  are  sufficient,  however, 
airly  attest  the  presence  of  land  vertebrates.  The  amphibian 
3  from  the  Carboniferous  beds  confirm  their  earUer  presence  by 

a  degree  of  structural  differentiation  as  to  clearly  imply  a  long 
cedent  existence.  The  conditions  of  the  Devonian  period  must 
ly  have  been  peculiarly  favorable  for  the  evolution  of  the  amphib- 

for  fish  having  structures  akin  to  the  amphibians,  and  appar- 
r   susceptible    of   amphibian  development  abounded,    and   there 

much  shifting  of  land  and  water  areas,  and  doubtless  much 
petition    and    conflict    and   forcing   of   new   adaptations,   as    a 
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result.  The  emergencies  of  shoaling  water  and  shifting  drainage 
must  inevitably  have  called  into  play  such  powers  of  air-breathing 
as  the  fishes  of  the  time  possessed,  as  well  as  such  ability  as 
they  may  have  had  to  use  the  paired  fins  in  locomotion  on  the 
land.  The  great  development  of  the  lung-fishes  in  the  Devonian  is 
perhaps  one  result  of  this,  and  they  have  been  regarded  as  the  pos- 
sible ancestors  of  the  amphibians.  This  view  is  now  largely  aban- 
doned for  anatomical  reasons,  and  some  branch  or  branches  of  the 
crossopterygians  regarded  as  the  more  probable  ancestors.  The  con- 
necting link,  however,  yet  awaits  discovery;  but  evolution  from  some 
form  of  fish  as  early  as  the  Devonian  period,  if  not  earlier,  is  re- 
garded as  extremely  probable.  Because  of  the  fatal  effects  of  salt 
water  on  modem  amphibians,  and  for  other  reasons  discussed  in 
connection  with  the  Devonian  fish,  there  is  a  presumption  that  the 
evolution  took  place  in  and  from  fresh  water,  not  unlikely  in  the 
continental  interior  where  fluctuations  in  drainage  and  precipita- 
tion might  well  have  been  greater  than  on  the  coast,  and  hence  the 
scantiness  of  the  transition  record.  Even  in  the  early  Carboniferous 
the  record  was  poor,  and  relics  of  amphibians  appear  in  abundance 
only  in  the  later  Coal  Measures.  They  were  then  already  differentiated 
into  five  suborders,  Branchiosauriay  Aistopodaj  Microsauria,  Temno- 
spondylij  and  Labyrinthodonta}  These  were  all  still  rather  primitive 
in  structure,  but  they  were  quite  far  from  being  the  real  transition 
forms.  They  are  the  most  primitive  terrestrial  vertebrates  knowTi  at 
present,  and  if  not  really  the  ancestors  of  all  later  land  vertebrates, 
they  probably  represent  their  general  nature.  They  all  seem  to  have 
been  low,  elongate  forms  of  salamandrine  aspect,  and  are  classed  as 
stegocephalians  (roofed-head),  their  heads  being  well  roofed  over  by 
the  bony  plates  of  the  skull.  They  have  also  been  termed  labyrintho- 
donta, from  the  intricate  infolding  of  the  dentine  of  the  teeth  of  one 
of  the  suborders,  but  the  others  do  not  possess  the  character. 

The  Branchiosauria  were  perhaps  the  most  primitive  in  structure, 
though  they  have  not  been  found  earlier  than  some  of  the  more  ad- 
vanced types.  They  were  small  and  salamander-like  in  form,  with 
short,  stumpy,  weak  limbs  and  abbreviated  tails.  The  teeth  were 
simple,  hollow  cones,  not  labyrinthine.    Forms  in  all  stages  of  growth 

'  The  classification  here  followed  is  slightly  modified  from  that  of  Smith  Wood- 
ward, Vert.  Pal.,  from  whom  many  of  the  following  facts  are  drawn. 
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been  found,  showing  that  gills  were  possessed  in  the  early  stages, 
they  were  lost  later,  and  that  finally  the  adult  amphibian  fom 
assumed,  thus  establishing  fully  the  amphibian  metamorphism. 
\rentral  surface  was  usually  protected  by  small  overlapping  plates 
;utes,  and  these  sometimes  extended  to  the  legs  and  back.  Two 
a  (from  Linton,  Ohio)  have  been  referred  to  this  suborder,  per- 
with  some  doubt.  Other  genera  are  known  from  the  Permian  of 
mia,  Saxony,  and  France. 

he  Aistopoda  were  snake-Uke  forms  whose  limbs  had  been  atro- 
I,  which  impUes  that  a  degenerative  development  had  already 
1  place.  The  elongation  of  their  bodies  involved  a  notable  multi- 
tion  of  the  vertebrae,  one  form  having  no  less  than  150.  The 
als,  or  some  of  them,  were  protected  by  scutes  beneath,  and  were 
d  with  small  ossicles  on  the  back.  Their  teeth  were  simple  hollow 
5  wthout  infolding.    Two  genera  (Phlegethontia  and  Molgophis) 

been  found  in  Ohio,  one  or  two  in  the  Carboniferous  of  Ireland, 
two  in  the  Lower  Permian  of  Bohemia.  One  of  the  Irish  genera 
ichosoma)  is  very  closely  related  to  the  Ohio  forms,  and  they  have 

been  supposed  to  be  identical,  a  significant  fact  in  view  of  theii 

separation  and  their  limited  means  of  dispersion, 
'he  Microsauria  were  like  the  branchiosaurs  in  having  salaman 
}  forms,  and  conical  teeth  with  simple  or  only  slightly  infoldec 
5.  Compared  wth  the  other  suborders,  their  vertebrae  wer 
»  like  those  of  the  modern  reptiles,  their  skeletons  were  more  com 
'ly  ossified,  their  skulls  contained  less  cartilage,  and  their  limb 

longer  and  stronger.  Some  of  them  at  least  probably  ran  witl 
d-like  agility,  and  perhaps  climbed  readily,  since  many  have  bee 
d  in  the  trunks  and  stumps  of  trees,  as  in  the  coal-mines  of  Sout 
;ins.  Nova  Scotia.  A  score  or  more  of  genera,  often  imperfectl 
vn,  are  referred  to  this  suborder  from  the  Carboniferous  ( 
rica  (Nova  Scotia  and  Ohio),  and  from  the  Carboniferous  (Irelanc 

282)  and  the  Lower  Permian  (Bohemia  and  Saxony)  of  Europ 
y  were  in  some  respects  highly  differentiated,  and  are  regarded  b 
3  paleontologists  as  the  ancestors  of  some  or  all  the  reptiles. 
The  true  labyrinthodonts  were  doubtless  the  largest  and  ma 
acteristic  amphibians  of  the  period,  though  yet  imperfectly  knowi 
y  take  their  name  from  the  form  of  the  dentine  of  their  teeth,  whic 

usually  intricately  infolded,  giving  to  the  cross-section  a  beautifi 
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laibyrinthine  arrangement,  as  shown  in  Fig.  283.  It  will  be  recalled 
'ftlut  the  holoptychian  fishes  had  a  very  similar  dental  structure.  The 
lafcb}TTnthodonts  differ  from  the  forms  referred  to  the  next  suborder 
in  having  well  ossified,  biconcave  vertebrie,  a  specialisation  known  to 
have  been  reached  early  in  this  period, 
^oreov-er,  the  teeth  are  much  more  highly 
lab^Tinthiiie  than  in  the  known  Temrvt- 
vjxmdyli.  These  features  remove  the 
lab>Tinthodonts  from  the  direct  line  of 
ancestry  of  some,  if  not  of  all,  the  reptiles. 
'Hreir  skulls  reached  a  maximum  length 
of  half  a  meter  or  more  in  the  Carbon- 
iferous period,  and  by  Triassic  times,  they 
had  attained  a  length  of  at  least  a  meter 
and  a  quarter,  from  which  the  full  length  1 
of  the  animal  is  inferred  to  have  been 
four  or  five  meters;  but  in  general,  if 
compared  with  modern  crocodilians,  they 
must  be  regarded  as  of  only  moderate 
size. 

The  Temnospondyli  differed  from  the 
true  labjTinthodonts  in  the  divided  (rha- 
chitomous)  structure  of  their  vertebra;, 
whence  the  name.  Such  vertebra;  are 
thought  to  have  been  possessed  by  the 
earliest  known  amphibians  from  the  Lower 
Carboniferous  of  Scotland,  and  forms  with 
Mmilar  vertebrie  have  been  found  in  the  Fw  282— Carboniferous amrfiib- 

-     .       .,  rrn.      m  .1-        ittn  Leptrrpfton  dobbsi  Huxley: 

Upper  Carboniferous.  The  Temnospondyli  a  microsaurian  from  Kilkenny, 
art,  however,  imperfectly  known  in  the  ]^^:^  "'^"^  •  """"^  "■•■ 
Carboniferous,  though  they  doubtless  lived 

then  in  abundance  and  may  have  made  many  of  the  known  foot- 
prints. They  reached  their  highest  development  in  the  Permian,  and 
are  supposed  by  many  paleontologbts  to  be  the  ancestors  of  all 
modem  reptiles. 

Not  much  is  known  of  the  food  and  life-habits  of  any  of  these 
amphibians.  From  their  teeth,  it  is  inferred  that  they  were  predaceous 
and  lived  on  fish,  crustaceans,  insects,  and  other  amphibians.    At 


Ii  Jt^gins,  Dawson  took  thirteen  skeletons  representing  different 
libian  species  from  a  single  ^^llarian  sttunp.  As  such  stumpB 
times  contained  land  shells  and  myriapods,  together  with  amphib- 
keletons,  it  has  been  inferred  that  such  amphibians  were  climber^ 
hved  on  mollusks,  myriapods,  and  similar  land  life. 
1  certain  places  amphibian  tracks  occur  in  great  abundance, 
^Qg  that  the  animals  frequented  muddy  flats;  in  some  places 
their  remains  are  common;  it  is  therefore  inferred  that  they  were 


3 — Cross-section  of  the  tooth  ot  a  Labynnthodont   of  later  date  (Ti 

1  todonsaiirw!  qiganlmi-     highlj  magnified    shoning  the  deep  intncate  inf 
the  walls  of  the  tooth      (From  Woodward  after  Owen  ) 


(lant,  at  least  locUlj  From  their  wide  differences  of  structure 
their  considerable  speciilization,  it  is  inferred  that  the\  enjoyed 
itions  fuorable  both  to  dnergence  of  tjpe  and  to  de\elopment 
dividual  structure,  and  these  should  have  been  found  in  the  new 
upon  wliicli,  almost  or  quite  without  rivals,  they  had  entered,— 
mpire  of  the  land. 

s  tlie  evolution  of  the  amphibians  constituted  the  ascent  of  the 
brate  typo  from  the  water  and  the  beginning  of  their  dominance 
e  land,  the  event  may  be  well  regarded  as  one  of  the  most  signifi- 
in  the  earlier  history  of  the  earth, 
he   marked   development   of    insects.' — ^The  identification   of  400 

cudder,  liuU.  N'o.  71,  U.  S.  Geol,  Surv.,  1891,  and  works  there  referred  lo. 
niart,  Researches  pour  servir  a  I'histoire  dea  Insectes  Possiles  dee  Temps  Pri- 
1,  1894.  Dawson,  J.  W.,  Synopsis  of  the  air-breathing  animals  ot  the  Paleozoic 
lada  up  to  1894. 
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)  of  Carboniferous  insects  from  American  deposits  and  a  com- 
parable number  from  the  European,  previous  to  1891,  with  constant 
additions  since,  indicates  the  great  development  of  this  class.    They 


Flo,  284.^<!arboniffrou8  tbrrehtbial  and  fresh-water  Life.  Piantx:  a,  CalKp- 
teridiam  mansjUtdi  l-es!).,  b  and  c,  Callipleridium  memhranateiiin  [..esq.,  two  speHea 
of  ferns.  Land  sheWt:  d.  ZinxiUa  prwcun  Carp,,  e,  Pupa  rennUionen),is  Bradley. 
Theae  land  snails  have  been  referred  to  genera  living  at  the  present  time,  and 
although  thifl  reference  may  eventually  prove  to  be  incorrect,  they  are  at  leant 
eloee  relatives  of  recent  genera,  [nuectn,  etc.:  /,  Euphobtria  armigera  H.  and  W., 
a  Carboniferous  myriapod  or  thousand-legged  worm;  g,  Eoseorpius  cnrfronorjiiK, 
M  and  W.,  a  scorpion  very  similar  in  type  to  living  forma;  h,  Arihrobjema  antiqua 
Harger,  a  spider  more  primitive  than  recent  forms  as  seen  by  the  segmentation 
of  the  aMomen;  i,  Prngonohlaltinn  cnliimbiana  Scudd  ,  one  of  the  tuliesof  the 
modern  cockroaches  which  were  the  most  conspicuous  members  of  the  Car- 
boniferous insect  fauna.  CrunUtcea:  j,  Ardhrapai/imim  graciliii  M.  and  W.,  Jt, 
Palaocaris  tx/mu  M.  and  W.,  two  types  of  crustaceanH  found  in  the  Mazon  Creek 
nodules;  I,  PreitwUhia  dana  M.  and  W.,  one  of  the  early  allies  of  the  modern 
horse-shoe  crab.     (Weller.) 

were  still,  for  the  most  part,  of  the  rather  primitive  synthetic  types, 
often  uniting  characters  not  now  found  in  the  same  order,  and  some- 
times embracing  strange  combinations,  as  a  neuropterous  wing  on  an 
orthopteroua  body;  but  advancing  differentiation  was  already  mani- 
fested. The  orthopterous  group,  embracing  cockroaches  (Fig.  284,  i), 
locusts,  crickets,  and  walking-sticks,  were  greatly  in  the  lead,  followe*' 


GEOLOGY, 

le  neuropterous  group,  represented  by  ancestral  mayflies,  these 
jroups  making  up  perhaps  90  per  cent  of  the  whole.  Hemiptera 
0,  which  had  appeared  earlier,  and  possibly  Coleoptera  (beetles) 
present,  but  there  is  no  evidence  of  bees  or  other  Ht/menopteraj 

butterflies,  moths  or  other  Lepidoptera,  and  no  probability  of 
existence,  since  the  flowering  vegetation  on  which  they  are  depend- 
ad  not  yet  appeared.  There  is  also  no  record  of  flies  (Dipiera). 
evolution  of  the  class  was  therefore  quite  one-sided,  and  essentially 
-neuropterous.  Curious  forms  were  developed  within  these 
s,  and  rather  remarkable  dimensions  appeared  in  some  cases, 
ds  of  wing  of  a  foot  or  more  being  reported.  The  fossiUzation 
/ery  irregular,  but  rather  wdde-spread,  but  the  species  seem  to  be 
local.  This  may  be  due  to  the  probable  fact  that  the  different 
ties  where  they  have  been  found  represent  different  horizons. 
s  alternative  be  accepted,  it  probably  implies  a  rather  rapid  change 
•ecies,  which  is  not  improbable  under  the  extraordinary  condi- 

that  surrounded  them. 

>iders,  scorpions,  and  mjrriopods. — ^As  early  as  1890  Scudder 
•eported  75  species  of  arachnids  (Fig.  284,  h)  and  40  species  of 
)pods  (Fig.  284,  /);    scorpions  (Fig.  284,  g)  also  were  present. 

of  the  myriopods  were  vegetable  eaters,  but  one  can  only  wonder 

all  these  spiders  and  scorpions  lived  on.    The  record  probably 
not  tell  the  whole  story, 
md  snails  (Fig.  284,  d  and  e),  in  several  species,  have  been  iden- 

• 

rom  the  foregoing  it  is  apparent  that  the  air-breathing  com- 
ty  had  become  somewhat  large  and  diverse,  embracing  a  varied 
)  of  amphibians,  many  insects,  spiders,  and  myriopods,  and  some 
ions  and  snails.  It  is  obvious  that  all  speculative  assignments 
rbon  dioxide  in  the  atmosphere  must  be  limited  to  quantities 
arible  with  this  life,  and  the  life  of  flying  insects  is  of  a  high 
of  activitv. 

III.  The  Fresh-water  Life. 

osides  fresh-water  plants,  the  life  of  the  land  waters  appears 
ve  consisted  of  certain  amphibians  (and  of  all  in  their  early  stages), 
hes,  mollusks,  crustaceans,  probably  of  the  larval  forms  of  cer- 
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tun  amphibious  insects,  and  doubtless  of  many  wiknown  forms. 
Aside  from  the  developments  of  the  fresh-water  fish  and  of  the  amphib- 
ians, which  have  already  been  sufficiently  emphasized,  perhaps  the 
moet  suggestive  feature  was  the  association  of  the  arthropods  with 
other  forms  of  life.  Eurypterids  were  still  in  existence,  and  their 
relics  are  so  intimately  associated  with  beautifully  preserved  ferns, 
calamites,  insects,  spiders  and  scorpions  as  to  leave  no  reasonable 
doubt  that  they  were  true  fresh-water  forms.  In  the  more  notable 
localities,  as  at  Mazon  Creek,  Illinois,  and  Cannelton,  Petmsylvania, 
the  fern  fronds  were  preserved  with  al- 
most perfect  fidelity,  and  without  the 
coiling,  crumpling  and  shredding  that 
would  inevitably  have  attended  trans- 
portation for  any  notable  distance.  At 
the  famous  locality  on  Mazon  Creek,  un- 
crumpletl  fronds  form  the  centers  of  thou- 
sands of  concretions  (Fig.  277),  and 
insects,  spiders,  scorpions  and  eurypterids 
form  the  centers  of  others  associated  with 
them.  All  must  have  been  fossilized 
with  a  minimum  of  transportation,  and 
under  the  most  quiet  conditions.  Almost 
equally  instructive  is  the  association  at 
Cannelton,  shown  in  Fig.  285,  though  the 
v^etation  is  more  fragmentary.  A  not- 
distant  relative  of  the  eurypterids  was 
present  in  the  beautiful  Prestwichia 
daiuE  (Fig.  284,  0,  whose  resemblance 
to  the  trilobites  on  the  one  hand,  and  to  the  king  crabs  on  the  other 
is  rather  striking,  and  probably  implies  a  remote  ancestral  relationship. 
There  were  also  malacostracans,  resembling  cray-fish,  but  referred  to 
a  separate  order  (Fig.  284,  ;),  and  other  crustaceans  of  shrimp-like 
appearance  (Fig.  284,  k).  Taken  together  these  show  a  very  inter- 
esting deployment  of  the  arthropods,  and  if  this  be  considered  in  con- 
nection with  the  peculiar  association  of  the  eurypterids,  ostracoderms, 
and  fishes,  of  the  Devonian  and  late  Silurian,  it  is  not  without  sug- 
gestiveneas  in  connection  with  the  views  of  Patten  (p.  482)  relative 
to  the  genetic  relations  of  the  arthropods  and  vertebrates,  and  of  Cham- 


Fia.  2S.5. — Xstun]  aasocwtion 
of  Eurypltrut  mann/ieldi  nith 
ferns  and  calamites.  (From 
Dans  after  HaU.) 
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i  relative  to  the  origin  of  the  latter  in  fresh  waters.^  It  will  per- 
yet  appear  that  fresh  water  was  the  environment  under  which 
of  the  most  radical  of  all  the  biological  evolutions  took  place, 
nother  phase  of  association  of  the  fresh-water  life  of  the  Car- 
erous  times  is  well  preserved  in  a  cannel  coal  deposit  at  Linton, 
2  This  coal  is  thought  to  have  been  formed  from  fine  v^etable 
s  borne  into  a  fresh-water  lake  or  lagoon,  where  it  settled  and 
d  the  reUcs  of  the  local  life,  which  consisted  of  [more  than  20 
3S  of  fishes,  and  nearly  40  [species  of  aquatic  amphibians.  New- 
thought  that  their  individual  numbers  mounted  into  the  millions, 
ig  the  fishes  were  crossopterygians  (Coelacanthus  and  Rhizodus)^ 
opterygians  (Eurylejyis),  dipnoans  (Ctenodus)  and  the  peculiar 
acanthids  (OrthacanthiLSj  Diplodus,  Compsdcanthus).  These  last 
egarded  as  elasmobranchs  which  then,  as  now,  lived  in  fresh 
•,  though  mainly  marine.  The  amphibians  belonged  to  the  sub- 
s  previously  described. 

IV.  The  Marine  Life. 

ecause  of  the  remarkably  close  adjustment  of  the  sea-level  to 
I  areas  of  marshes  and  flat  lands,  two  phases  of  sea  life  had  suffi- 

prevalence  to  be  worthy  of  note.  The  first  consisted  of  those 
5  that  habitually  occupied  the  thin  edges  of  the  sea  which,  in 
)rm  of  estuaries,  lagoons  and  shoals,  crept  in  and  out  on  the  border 

as  the  relations  of  land  and  sea  oscillated,  while  the  second 
aced  the  life  of  the  more  open  seas.  This  distinction  had  doubt- 
ilways  existed,  but  had  not  before  reached  equal  importance, 
the  first  phase  was  not  usually  well  preserved,  whereas,  in  the 
regions  of  this  period,  it  constitutes  the  better  part  of  the  record, 
is  phase,  where  sandy  and  muddy  flats  prevailed,  the  pelecypods 
gastropods,  with  certain  of  the  fishes,  predominated,  while  in 
aore  open  seas  the  brachiopods,  cephalopods  and  the  clear-water 

more  largely  predominated. 

16  progress  of  the  fishes.  — It  is  difficult  to  tell  which  of  the  fishes 
i  be  regarded  as  marine,  which  as  fresh  water,  and  which  as 
ion  to  salt  and  fresh  water.  It  seems  clear  that  much  the  larger 
►er  of  those  found  in  the  American  Coal  Measures  lived  in  fresh 

« Jour,  of  Geol,  Vol.  VIII,  p.  400. 

2  Newberry,  Mon.  XVI,   U.  S.  Geol.  Surv.,  1889,  p.  211. 
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water;  whether  also  in  salt  water  is  uncertain.  It  is  extremely  prob- 
able that  the  sharks  armed  with  shell-crushing  teeth  (the  cochliodonts 
and  psammodonts)  were  chiefly  marine,  and  that  they  continued 
to  be  abundant  through  this  period,  though  probably  less  dominant 
than  in  the  extensive  shell-bearing  seas  of  the  Mississippian,  while 
the  sharks  armed  with  cutting  teeth  were  also  largely  marine,  but 
less  dominantly  so.  There  was  further  progress  in  adaptation  to 
swift  movement  and  in  acquiring  shapeliness  of  outline. 

Changes  in  the  aspects  of  the  mollusks. — ^By  reference  to  the  pelecy- 
pods  represented  in  Fig.  286,  a,  6,  c,  d,  e,  and  /,  and  by  comparison 
with  previous  figures,  it  will  be  noted  that  this  group  had  assumed 
an  appreciably  more  modem  aspect.  They  are  scarcely  Paleozoic 
in  the  sense  of  being  very  ancient.  The  period  was  doubtless  very 
favorable  to  their  advance,  by  presenting  an  expansive  but  shifting 
and  oscillating  habitat,  that  both  invited  and  forced  mutational  plas- 
ticity. The  gastropods,  on  the  other  hand  (Fig.  286,  g,  h,  i,  j,  k),  show 
less  advance  over  the  earlier  types.  They  resemble  those  of  the  Gene- 
vieve and  even  of  the  Devonian  fauna,  though  quite  unlike  those  of 
the  Osage.  On  the  whole,  they  still  present  a  distinctly  Paleozoic 
aspect. 

Association  of  lingering  and  advanced  cephalopods. — ^There  was  a 
notable  juxtaposition  of  very  ancient  and  of  relatively  modem  cephalo- 
pod  types,  the  former  represented  by  very  straight,  plain,  small  ortho- 
ceratites  (Fig.  286,  r)  that  might  well  belong  to  the  earliest  Paleo- 
zoic epoch,  the  latter  by  closely  coiled  goniatites  (Fig.  286,  q)  with 
curved  sutures  that  might  well  be  an  initial  Mesozoic  type.  The 
orthoceratites  were  about  to  take  their  departure,  the  goniatites 
were  about  to  evolve  into  the  anmionites,  the  reigning  type  of  the 
Mesozoic  era. 

The  brachiopods. — Ab  usual  the  brachiopods  held  an  important 
place,  and  their  general  facies  was  like  that  of  the  Upper  Mississippian. 
Produdus  was  the  leading  form  and  had  many  species  (Fig.  286,  t,  u, 
and  v),  while  Athyris,  Chonetes  (Fig.  286,  z),  Spiriferina  (Fig.  286,  y), 
and  other  genera  common  in  the  Mississippian  persisted  in  abimdance, 
but  in  new  species.  Spirifers  also  were  again  common,  some  of  them 
exhibiting  an  advanced  state  of  bifurcation  of  the  plications,  as  in 
Spirifer  camerahis  (Fig.  286,  dd).  Some  species  of  the  brachiopods 
were  long-lived,  and  some  ranged  not  only  through  northern  America 


44  fi 


Myalina  recunrirosti 

operlen  carbonilerus  oiev.-;  a  group  oi  six  peiecypoos  oi  i  _ 
nmon  in  the  Pennsylvanian;  their  relationships  for  the  most  part  are  niti 
ms  in  the  Mississippian  faunas.  Gastropoda;  g,  BeUerophon  pfrcarinotu 
n.,  A,  Wortkenia  tabatala  (Con.),  f,  Makosinra  peracuta  {M.  and  W.),  ;,  Xali 
isis  altorKttsis  McCh,,  k,  Trarhi/domia  wkeeteri  (Swall);  a  group  ot  gastropod 
)wing  a  variety  of  forms.  These  Carboniferous  meiobers  of  the  class  agre 
bh  their  ancestors  in  the  entire  apertures,  the  canBliculat«  aperture  so  com 
in  in  recent  marine  gastropods  being  introduced  later.  Trilobita:  I,  Philiipsii 
ijor  Shum.,  almost  the  last  of  the  trilobites;  this  genus  persists  into  the  Per 
an,  and  then  becomes  extinct.  Crinoidea:  m,  HudreionocrinuK  acanthoporu 
and  W.,  showing  the  extravagant  development  of  the  ventral  sack;  n,  Eupachy 
nils  magister  M.  and  G.,  with  oiserial  arms,  a  type  of  arm  structure  introduce) 
e  in  the  history  of  the  Inadunata,  but  veiy  early  in  the  Cameraia.  This  fom 
proachcs  some  of  its  Mesozoic  relatives,  especially  such  Triassic  forms  &r  Etminus 
rah  o.  Zaphrcnlis  gtbsonii  White.  Corals  are  rare  in  this  fauna,  and  are  nearl; 
of  the  horn-shaped  genera.  Protozoa:  p,  Fusulijui  secalictu  Say.  a  littl 
uminifer  tliat  sometimes  constitutes  nearly  the  entire  calcareous  material  o 
portant  limestone  beds.  It  occurs  abundantly  in  America,  Asia,  and  Europe 
pkalopoda:  q,  Paralegoceras  neuisjmi  Smith,  r,  Ortkoceraa  cribrosum  Gein.,  s 
mnocheUua  frrriiesianus  (McCh,);  three  figures  representing  three  types  of  eeph 
ipods  in  the  Carboniferous,  viz.:  (!)  the  goniatites,  with  their  lobed  suture 
iich  gave  rise  to  the  Mesozoic  ammonites;   (2)  the  straight  orthoceratites  whid 
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and  Eurasia,  but  into  the  far  Orient  and  Australasia.  Among  these 
wide-ranging  species  were  Hustedia  mormoni  (Fig.  286,  gg),  Rhipi- 
domeUa  pecosi,  Enteletes  fiemiplicata  (Fig.  286  hh),  Produdus  semi- 
reticulattis,  P.  cora,  P.  costatus  (Fig.  286,  v).  Some  of  these,  as  P. 
semireticuUUus  and  P.  cora,  extended  up  into  the  Permian.  Other 
representative  brachiopods  are  illustrated  in  Fig.  286,  w,  x,  aa,  66,  cc^ 
ec,  //,  and  ii. 

A  new  phase  of  the  crinoids. — ^The  erinoids  were  a  smaller  factor 
in  the  fauna  than  might  have  been  expected  from  their  previous  and 
subsequent  history.  The  cystoids  and  blastoids  seem  to  have  dis- 
appeared previously,  and  no  starfishes  have  been  recognized,  though 
they  were  doubtless  present;  sea-urchins  were  rare.  The  camerate 
crinoids  do  not  appear,  and  the  inadunate  crinoids  took  the  leading 
place,  and  celebrated  their  accession  to  crinoidal  supremacy  by  develop- 
ing the  ventral  sac  to  imseemly  dimensions  until  it  sometimes  pro- 
truded beyond  the  arms  with  balloon-like,  or  mushroom-like,  inflation 
(Fig.  286,  m).  It  is  needless  to  say  that  these  ventral  excesses  did 
not  last  long,  and  the  moral  is  obvious.  Other  genera  developed 
in  the  opposite  direction,  and  lived  on  becomingly,  giving  rise,  as  it 
would  appear,  to  some  of  the  Mesozoic  types.  The  form  Eupachy- 
crinus  magister  (Fig.  286,  n)  is  notable  as  bearing  a  Mesozoic  aspect. 


were  nearing  the  time  of  their  extinction,  and  (3)  the  consen^ative,  simple  sutured 
nautiloids  which  persisted  from  the  Ordovician  to  the  present.  In  the  Carbon- 
iferous, the  nautuoids  were  especially  characterized  by  their  nodose  ornamen- 
tation. Brachiopods:  t,  Prodiwius  symmetricus  McCh.,  u,  Produdus  nebrascensis 
Owen,  Vf  Productus  costatus  Sow.;  the  genus  Produdus  is  one  of  the  most  com- 
mon in  the  Carboniferous  faunas,  and  these  are  three  of  the  common  species; 
ti7-x,  Derbyia  crassa  (M.  and  H.),  representative  of  a  genus  which  is  the  direct 
descendant  of  Orthothetes  of  the  Devonian  and  Lower  Mississippian ;  it  differs 
from  that  genus  in  the  presence  of  the  median  septum,  seen  in  w;  y,  Spiriferina 
kentuckiensis  (Shum.),  a  common  Carboniferous  species;  the  genus  Spiriferina 
differs  from  Spirifer  in  its  punctate  shell  structure,  and  its  m^ian  septum;  it 
does  not  occur  below  the  Mississippian,  but  extends  into  the  Mesozoic;  z,  Chonetes 
granulijera  Owen.  This  genus  occurs  from  the  Silurian  to  the  close  of  the  Paleozoic, 
and  is  common  from  the  middle  Devonian  up;  it  is  characterized  by  its  concavo- 
convex  form,  and  the  spines  along  the  hinge-line;  aa,  Seminula  argentea  (Shep.), 
a  spire-bearing,  atheroid  shell,  one  of  the  commonest  Carboniferous  species;  a 
near  realtive  is  S.  sitbquadrata  of  the  Genevieve  fauna  (see  Fig.  237,  D;  bb,  Die- 
lasma  hovidens  (Mort.),  a  common,  loop-bearing  shell  of  the  Carboniferous;  cc, 
Rhipidomella  pecosi  (Marc.),  almost  the  last  representative  of  the  orthid  shells 
which  were  so  abundant  in  the  Ordovician  (see  Fig.  163);  cW,  Spirifer  cameratus 
Mort.,  a  very  characteristic  member  of  this  fauna;  ee,  Pugnax  uta  (Marc.),  one  of 
the  rhynchonelloid  shells;  //,  Lingula  umbonata  Cox;  the  Lin gulas  persisted  from 
the  Cambrian  to  recent  time;  gg,  Hustedia  mormoni  (Marc.),  a  small,  plicated, 
spire-bearing  shell;  hh,  Enteletes  hemiplicata  (Hall),  a  peculiar  orthid  ^nus  found 
only  in  the  Carboniferous;  ti,  Meekella  strialocostata  (Cox),  a  peculiar  stropho- 
menoid  shell,  probably  an  offshoot  from  Derbyia. 


QEOWQY. 

was  a  close  relation  between  several  American  and  Russian 
Is,  implying  intermigration. 

Host  the  last  of  the  trilobites. — ^The  trilobites  which  commanded 
►remost  interest  at  the  opening  of  the  Paleozoic  are  now  almost 
3  point  of  disappearance.  The  last-known  genus  is  PhiUijma 
286,  l)y  a  modest  and  beautiful  form  which  retains  the  symmetry 
i  ideal  type  and  not  a  little  of  its  elegance.  The  extravagances 
\  Silurian  and  Devonian  forms  had  vanished,  and  the  last  repre- 
ive  of  the  family  had  the  chaste  beauty  of  its  early  ancestry, 
her  features. — ^Bryozoans  were  not  imcommon,  but  the  peculiar 
js  for  support  illustrated  in  Archimedes  and  Lyropora  of  the  pre- 
;  period  were  abandoned.  The  protozoans  were  represented 
r  by  a  little  foraminiferal  shell,  Fusvlina  secalicus  (Fig.  286,  p), 

had  about  the  size  and  form  of  a  grain  of  wheat.    Their  abun- 

gives  character  to  the  'Tusulina  beds"  which  occur  in  America, 
)e,  and  Asia.    The  corals  were  rare,  as  might  be  expected,  under 
ivironmental  conditions  of  the  time. 
!  already  implied,  the  fauna  had  many  cosmopolitan  features, 

few  of  its  species  being  common  to  North  America,  Europe, 
and  Australia,  and  its  general  facies  was  the  same  in  all  these 

LS. 


CHAPTER  XI. 

THE  PERMIAN   PERIOD.^ 

Formations  and  Physical  History. 

After  the  formations  of  the  Carboniferous  group  had  reached  the 
development  ah-eady  sketched,  a  general  withdrawal  of  the  sea  set 
in,  resulting  at  length  (1)  in  the  exposure  of  those  portions  of  the  cen- 
tral and  eastern  United  States  that  had  been  covered  by  it,  at  least 
occasionally,  and  (2)  in  the  restriction  of  the  submerged  area  in  the 
western  part  of  the  coimtry,  an  area  which  had  been  somewhat  gen- 
erally and  constantly  covered  by  the  sea  during  the  preceding  period. 
With  the  beginning  of  the  Permian  period,  the  waters  which  lay  upon 
the  continent  were  partly  in  the  form  of  lakes  and  inland  seas,  and 
partly  connected  with  the  open  ocean.  Even  the  areas  which  the 
sea  overspread  at  the  beginning  of  the  period  were  largely  abandoned 
by  it  before  the  close.  As  already  noted,  the  deformative  movements 
which  finally  resulted  in  the  folding  of  the  Appalachian  and  Ouachita 
mountains  seem  to  have  been  inaugurated  at  about  the  close  of  the 
Carboniferous  period,  and  these  movements  were  doubtless  a  main 
cause  of  the  general  withdrawal  of  the  sea.  These  movements  appear 
to  have  been  more  profound  than  those  which  shifted  the  epiconti- 
nental seas  in  the  preceding  periods. 

These  movements  reflected  themselves  both  in  the  distribution 
of  the  Permian  formations  and  in  their  character.  While  fresh-water 
sedimentation  continued  much  as  before  in  some  parts  of  Penn- 
sylvania, West  Virginia,^  Maryland,^  and  Ohio,*  giving  rise  to  the 
''^ Upper  Barren  Coal  Measures'' — a  name  which  suggests  the  close 
connection  of  these  formations  with  those  which  preceded — the  Appala- 
chian belt  farther  south  seems  not  to  have  been  the  scene  of  deposi- 

*  The  Permian  is  often  regarded  as  a  part  of  the  Carboniferous.  For  recent 
advocacy  of  this  view,  see  Jour,  of  Geo!.,  Vol.  VII,  pp.  321-41. 

» WTiite,  West  Virginia  Geol.  Surv.,  Vol.  II,  pp.  100-123. 

*  Martin,  Maryland  Geol.  Surv.,  Garrett  Coimty,  p.  144;  O'Hara,  Allegany  County, 
p.  128,  and  Prosser,  Jour,  of  Geol.,  Vol.  DC,  p.  428. 

*  Prosser,  Jour,  of  Geol.,  Vol.  XI,  p.  523.- 


The    Upper    Barren    Measures   are    commonly   separated  from 
imisylvanian  system  on  the  basis  of  then-  plant  fossUs,  rather 
>ecause  of  any  stratigraphic  break  at  their  base, 
e  Pennsylvania  section  of  the  Permian  is  shown  in  Pig.  287. 
■r  north  also,  in   Nova  Scotia,    New  Bnmswick,    and   Prince 


W      ConMkled. 


^. 


one,  undatone,  and  ebale. 
124^  LimeetDiM,  undBtone,  and  abate. 
USK      IJmeatone,  unditone,  and  biiumii 


e,  sandstane,  and  iron  on. 


SWff, 


Fig   287  — Section  of  Pennian  in  Pennsylvania. 

rd  Island,  non  marme  Permian  strata  rest  on  Carboniferoas  in 
I  way  as  to  show  that  sedimentation  was  not  greatly  interrupted, 
he  two  groups  are  separated  on  the  basis  of  fossils  only.  The 
an  of  Pennsylvania,  West  Virginia,  and  the  Acadian  region 
to  represent  only  the  early  part  of  the  period,  after  which  these 
IS  appear  to  have  been  no  longer  subject  to  deposition. 
■rmian  ^-ertebrate  fossils  {not  marine)  have  been  fomid  in  what 
rs  to  be  the  channel  of  a  stream  eroded  in  the  Coal  Measures 
;tern  Illinois'  Beds  thought  to  be  Permian  also  occur  in  neigh- 
;  parts  of  Indiana.^ 
est  of  the  Mississippi,  the  Permian  system  has  a  more  extensive 

we,  Jour.  Geo!.,  Vol.  VIII,  pp.  698-729. 

latchley  aod  Aahley,22d  Ann.  Rept.  IndioDa  Dept.  of  Geol.,  etc.,  p.  22,  and  23d 

:«pt.,p.80. 


THE  PERMIAN  PERIOD.  621 

development,  though  far  less  wide-spread  than  the  Pennsylvanian. 
The  Permian  strata  are  best  known  in  Texas,  Kansas,  and  Nebraska, 
and  though  the  sea  was  not  entirely  excluded  from  this  region,  it 
appears,  where  present,  to  have  been  shallow.  Locally  and  tempo- 
rarily, inland  seas  were  cut  off  from  the  ocean.  Early  in  the  period 
the  Texan  area  of  sedimentation  seems  to  have  been  separated  from 
the  Kansan  by  the  beginnings  of  the  Ouachita  mountains,  the  uplift 
of  which  has  been  mentioned. 

In  Kansas^  and  Nebraska ^  the  older  Permian  beds  are  marine, 
and  though  the  connection  has  not  been  traced,  the  Permian  of  these 
states  is  probably  continued  northwestward  to  Wyoming  ^  and  South 
Dakota,'*  for  in  the  Laramie  mountains  of  the  former  state,  and  in 
the  Black  Hills  of  the  latter,  marine  Permian  beds,  with  fossils  very 
similar  to  those  of  Kansas,  are  found.  The  marine  Permian  of  Kansas 
is  overlain  by  beds  containing  gj^psum  and  salt,  and  possessing  other 
features  which  show  that  the  open  sea  of  the  region  was  succeeded 
by  dissevered  remnants,  or  by  salt  lakes  whose  supply  of  fresh  water 
was  exceeded  by  surface  evaporation.  C!onnected  with  these  saline 
and  gypsiferous  deposits,  and  overlying  them,  are  the  "Red  Beds," 
sometimes  referred  to  the  succeeding  Trias;  but  they  appear  to  be 
late  Permian,  in  the  main  at  least.  This  conclusion  seems  applicable 
to  a  large  part  of  the  Red  Beds  east  of  the  mountains,  though  some 
are  probably  Triassic.  Some  of  the  Red  Beds  in  western  Texas  and 
New  Mexico  are  perhaps  later  than  Permian,  and  some  in  Indian  Ter- 
ritory and  Kansas  are  possibly  the  equivalent  of  portions  of  the  Penn- 
sylvanian system. 

The  gypsum  beds  of  Iowa  may  be  of  Permian  age,  though  there 
is  nothing  in  their  relations  to  make  this  certain.^ 

^  For  an  account  of  the  Permian  of  Kansas  see  Prosser,  Geol.  Surv.  of  Kansas, 
Vol.  II,  1897,  pp.  55-97.  This  article  also  contains  references  to  the  litera- 
ture concerning  the  Permian  of  the  western  interior.  See  also  papers  by  the  same 
author  on  "The  Permian  and  Upper  Carboniferous  of  Southern  Kansas/'  Kans. 
Univ.  Quar.,  Vol.  IV,  1897,  p.  149,  and  on  "  The  Classification  of  the  Upper  Paleozoic 
Rocks  of  Central  Kansas,"  Jour.  Geol.,  Vol.  Ill,  pp.  682-705,  and  Vol.  X,  pp.  703-37; 
Cragin,  Permian  System  of  Kansas,  Colo.  College  Studies,  Vol.  VI,  pp.  1-48;  Gould, 
Jour.  Geol.,  Vol.  IX,  pp.  337-40;  and  Beede,  Am.  Geol.  Soc.,  XXVIII,  p.  47;  and 
Prosser  and  Beede,  Cottonwood  Falls,  Kan.  folio,  U.  S.  Geol.  Surv. 

» Knight,  Jour.  Geol.,  Vol.  All,  pp.  357-74,  and  Barbour,  Nebraska  Geol.  Surv., 
Vol.  I,  p.  129. 

*  Knight,  Bull.  45,  Wyo.  Experiment  Station,  and  Jour.  Geol.,  Vol.  X,  pp.  413-22 

*  Darton,  19th  Ann.  Kept.,  U.  S.  Geol.  Sur\-.,  Pt.  IV. 
»  Wilder,  Iowa  Geol.  Sur\-.,  Vol.  XII,  p.  111. 
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le  Kansas  section  of  the  Permian  is  as  follows :  ^ 


Names  of  Formations. 


retaoeous 


o 


Unconformity 
®   r  Taloga  formation. 


V 


o 

-a 


Day  Creek  dolomite. 
.  Red  Bluff  formation. 


'  Dog  Creek  formation. 


Cave  Creek  formation 


Gla^  Mountain  forma- 
tion  


Kingfisher  formation. 


o 
o 

a: 

§  1 

s 

to 


''  Wellington  shales. 
Marion  formation. 


'  Win  field  formation.  . 
Dovle  shales 


o 

t£) 

c3 


o 


Fort  Riley  limestone 


Florence  flint. 


Mat  field  shales. 


Wreford  limestone. .  . 


mnsvlvanian  system 


Thickness 
in  Feet. 


25-30 


1-5 
175-200 


30± 


50 


200-225 


800  ± 


200-450 


400 


20-25 

60 

40  + 

25 

60-70 
3.5-.50 


Characteristics . 


Chiefly  maroon-colored  shale 
below,  with  massive  red  an< 
grayish-white  sandstone 
above;  no  fossil& 

Gray  to  white;  no  fossils. 

Li^ht  red  sandstone  and  shale 
In  Oklahoma  contains  ma 
rine  invertebrate  fossils. 

Dull-red,  argillaceous  shales 
lamina?)  of  g\'psum  in  lowe 
part,  and  l^ges  of  doIomit< 
m  the  upper;  no  fossils. 

One  massive  bed  of  g^-psum,  o 
two  such  beds  separated  b; 
red  clay-shale ;  cavema 
abundant. 

Fine-grained,  bright-red  sand 
stone  of  varymg  hardnee 
below,  with  highly  gj-psifer 
ous  clays  above;  no  fossils 

Saliferous  and  gj^psiferous 
prevailingly  dull-red  o 
brown  shales.  Lower  par 
in  Oklahoma  has  vertebrat' 
remains. 

Mainly  bluish  gra^^  to  slate 
colored;  occasional  beds  o 
dolomite  and  gj'psum. 

Mainly  buff,  thin-bedded  lime 
stones,  and  shales;  locall; 
contains  beds  of  gypsum  an< 
rock  salt;  lower  portio: 
contains  marine  fossils. 

Chert y  limestone  and  shales 
marine  fossils. 

Varicolored  shales;  occa 
sional  thin  beds  of  sof 
limestone;  marine  fossils. 

Massive  and  buff  to  thin 
bedded  and  shale;  marin 
fossils. 

Chert y  limestone;  marine  fos 
sils. 

Varicolored  shales  with  som 
limestone;  marine  fossils. 

Some  portions  very  chert y 
marine  fossils. 


•osser.  Jour,  of  Geol.,  Vol.  X,  pp.  703-737;  Cragin,  Colorado  College  Studies 
I. 
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In  Texas  and  the  region  south  of  the  Ouachita  uplift,  the  system 
has  its  greatest  development.  In  the  Staked  Plains  (Llano  Estacado) 
it  attains  a  thickness  of  7000  feet.  The  oldest  formation  of  the  system 
(the  Wichita)  indicates  that  the  critical  attitude  which  characterized 
the  surface  farther  east  during  the  Pennsylvanian  period,  now  affected 
Texas,  for  the  beds  are  partly  of  marine  and  partly  of  fresh-water 
origin.  These  beds  are  succeeded  by  a  formation  of  Umestone  (Clear 
Fork),  which  indicates  a  submergence  sufficient  to  allow  free  entrance 
of  the  sea.  Advance  of  the  sea  is  further  indicated  by  the  fact  that 
the  Middle  Permian  beds  overlap  the  Lower,  and  rest  upon  the  Pennsyl- 
vanian, where  no  Lower  Permian  intervenes.  Tlie  Upper  Permian 
(Double  Mountain)  which  follows  indicates  a  reversal  of  relations, 
for  much  of  Texas  was  again  cut  off  from  the  ocean  and  converted 
into  an  inland  sea,  or  into  inland  seas,  in  which  the  usual  phases  of 
deposition  under  arid  conditions  took  place.  Occasional  bods  of 
limestone  with  marine  fossils  point  to  occasional  incursions  of  the  sea, 
while  the  deposits  of  salt  and  gypsum  point  with  equal  clearness  to 
its  absence,  or  to  restricted  connections.^  In  the  Guadalupe  mountains 
of  western  Texas,  the  Permian  system  has  a  thickness  of  4000  to  5000 
feet,  and  carries  faunas  unlike  those  of  other  regions  of  North  Amer- 
ica, but  similar  to  those  of  the  late  Paleozoic  of  Asia.^ 

The  Permian  sea  which  overspread  part  of  Texas  was  perhaps 
continuous  to  the  west,  for  a  part  of  the  time,  as  far  as  the  Basin  region 
(Utah);  but  if  so,  the  continuity  of  the  beds  has  since  been  inter- 
rupted by  erosion.  Fig.  288  shows  the  manner  in  which  the  Permian 
now  occurs  in  some  parts  of  the  plateau  region  of  the  west.  Beds 
thought  to  be  Permian  are  known  in  New  Mexico,^  in  northern  Arizona,* 
and  at  other  points  in  the  surrounding  territory,  and  in  the  Wasatch 
mountains,  but  not  farther  west.  Throughout  much  of  the  area  west 
of  the  Rocky  mountains,  the  Permian  has  not  generally  been  differen- 
tiated. If  it  is  present,  as  it  doubtless  is  in  some  places,  it  has  been 
classed  either  with  the  Carboniferous  below  or  with  the  Trias  above. 
There  is  often  perfect  conformity  between  the  Carboniferous  lx»low 
and  the  beds  classed  as  Trias  above,  suggesting  the  presence  of  unsep- 

*  For  Permian  of  Texas,  see  Cummins,  Geol.  Surv.  of  Texas,  2d  Ann.  Kept.,  pp. 
394-424.     Ibid.,  4th  Ann.  Kept.,  212-32. 

>Girty,  Am.  Jour.  Sci.,  Vol.  XIV,  1902,  pp.  3r)3-3r>8. 

» Herrick,  Jour.  Geol,  Vol.  VIII,  pp.  112-125;  and  Am.  G<h)I.,  Vol.  XXXI,  p.  70. 

*Walcott,  Am.  Jour.  Sci.,  Vol.  XX,  1880,  p.  221. 


d  Permian  between.    In  northern  Arizona,  however,  and  in  soutb- 
Tn  Colorado,'  and  perhaps  at  other  points,  there  is  an  uncon- 
ty  at  the  base  of  the  Trias, 
the  beds  tentatively  referrred  to  the  Permian  be  really  such, 
show  that  the  relatively  contmuous  and  clear  seas  of  the  Pennsyl- 


Dutton 


n  period  in  thia  region  hid  given  place  to  much  shallower  and 

continuous  bo  liei  of  water    often  of  nore  than  normal  sallmt^ 

that  at  many  points  there  were  interruptions  of  sedimentation 

,e  close  of  the  Pennsylvanian. 

ed  Beds,  generally  classed  as  Triassic,  occur  even  north  of  the 

id  States.^    Their  thickness  is  not  great,  and  they  perhaps  belong 

the  Red  Betls  farther  soutli,  most  of  which  are  now  usually  classed 

?rinian.3 

Qe  Permian  deposits  of  the  far  west,  as  well  as  some  of  those  of 

ro3S,  unpublisheii  evidence, 
'awaon,  Bui!.  Geol.  Soc.  Am.,  Vol.  Xll,  p.  74. 

onie  of  the  upper  Red  Beds  of  central  Wyoming  are  thought  to  be  Triassic 
iton)  on  the  basis  of  fossils  collected  by  Knight  and  Branson,  The  horizon 
Triassic  fossils  is  550  feet  above  the  base  of  the  Red  Beds,  and  250  feet  below 
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the  longitude  of  Texas  and  Kansas,  are  often  highly  colored,  red  being 
the  dominant  hue.  This  color  so  often  characterizes  formations  known 
to  have  been  made  in  inclosed  basins,  that  the  connection  can  hardly 
be  fortuitous. 

It  is  a  singular  fact,  though  it  may  be  no  more  than  a  coincidence, 
that  certain  thin  but  well-defined  layers  of  clay  in  the  Permian  beds 
of  Texas,  like  certain  layers  of  the  Permian  in  Europe,  contain  con- 
siderable quantities  of  copper  ore.  In  Europe,  however,  the  copper 
is  confined  to  a  single  layer,  while  in  Texas  it  is  distributed  through 
several.  This  correspondence  is  perhaps  worthy  of  mention,  especially 
because  copper  ores  are  not,  on  the  whole,  abundantly  distributed, 
and  this  is  not  their  usual  mode  of  occurrence. 

Thickness. — ^In  the  Appalachian  region,  the  Lower  Permian  beds, 
sandstone  and  shale,  with  thin  seams  of  coal,  have  a  thickness  of  about 
1000  feet.  The  Upper  Permian  is  wanting.  In  Kansas  the  thickness 
is  t\\ice  as  great,  while  in  Texas  it  reaches  7000  feet.  The  Permian 
system,  like  the  Carboniferous,  is  thicker  in  the  southern  interior  than 
in  the  Appalachian  region. 

Correlation. — In  the  region  east  of  the  Mississippi,  the  Permian 
is  so  closely  associated  with  the  C!oal  Measures  that  the  two  were  for- 
merly classed  together.  Were  this  region  only  considered,  this  would 
appear  to  be  the  best  classification.  In  the  western  part  of  the  con- 
tinent, on  the  other  hand,  the  differentiation  of  the  Permian  from 
the  Carboniferous  is  more  distinct,  and  its  relation  with  the  Trias  is 
generally  close.  In  the  Texas-Kansan  region,  for  example,  the  rela- 
tions of  the  Permian  to  the  Trias,  if  the  beds  referred  to  the  Trias 
are  really  such,  are  so  close  as  to  have  caused  the  frequent  reference  of 
the  upper  part  of  the  former  to  the  latter.  Perhaps  the  Permian 
period  is  best  looked  upon  as  a  transition  period  from  the  Carbon- 
iferous to  the  Trias,  and  so  from  the  Paleozoic  to  the  Mesozoic.  Accord- 
ing to  this  view,  its  close  relationship  to  the  underlying  system  in 
some  places,  and  to  the  overlying  system  in  others,  is  natural. 

The  Foreign  Permian. 

Europe, 

In  Europe,  as  in  America,  the  Carboniferous  period  was  brought 
to  a  close  by  very  considerable  changes,  for  much  of  the  area  which 


GEOLOGY. 

)een  receiving  deposits  during  that  period  was  exposed  to  ero- 
at  its  close.  Subsequently,  through  further  changes,  much  of 
ime  surface  was  again  brought  into  a  position  for  renewed  depo- 
,  partly  from  fresh  and  partly  from  salt  waters.  The  Permian 
n  thus  formed  is  on  the  whole  much  more  distinct  from  the  Car- 
srous  than  the  Permian  of  the  eastern  part  of  North  America, 
s  much  better  known. 

uring  this  period  Europe  was  divided  into  two  somewhat  dis- 
provinces,  a  division  which  began  to  show  itself  in  the  later  part 
3  Carboniferous  period,  when  the  Upper  Carboniferous  Umestone 
n  process  of  deposition  in  southern  and  eastern  Europe.  Corre- 
ling  in  a  general  way  with  these  two  provinces,  the  Permian 
wo  somewhat  different  phases  known  as  the  Dyas  and  the  Per- 
respectively.  The  former  name  had  its  origin  in  the  twofold 
on  of  the  system,  and  the  latter  came  from  a  province  of  Russia 
»  the  formation  is  well  developed.  In  England,  both  phases 
e  system  are  represented,  the  Dyas  in  the  east  and  the  Per- 
in  the  west,^  and  in  the  Baltic  province  of  Russia,  the  Dyas 
I  is  found.  In  general,  the  Permian  system  is  somewhat  more 
spread  than  the  Upper  Carboniferous  which  it  overUes,  often 
iformably,  and  which  it  overlaps  in  various  directions, 
xcept  in  Russia,  where  its  extent  is  great,  the  Permian  appears 
e  surface  around  mountain  cores  and  in  narrow  strips  only;  but 
the  positions  of  these  outcrops,  it  is  inferred  that  the  formation, 
reality  widespread  beneath  younger  beds. 

)wer  Permian. — Where  the  Dyas  phase  of  the  formation  is  developed 
nerally  in  western  and  central  Europe,  the  Lower  Permian  {Roth- 
de)  consists  of  a  series  of  fragmental  beds  made  up  of  shale, 
itone,  conglomerate  and  breccia,  with  which  there  is  associated 
ye  amount  of  igneous  rock,  now  in  the  form  of  lava-sheets,  now 
e  form  of  dikes,  and  now  in  the  form  of  volcanic  material.  The 
nt  of  igneous  matter  is  so  great  (especially  in  Scotland,  Bavaria, 
southern  France  ^)  and  is  so  widely  distributed  (occurring  also 
igland,  the  Vosges  and  Thiiringerwald  mountains,  the  Alps,  etc.) 
it  is  to  be  looked  upon  as  rather  characteristic  of  the  Lower  Per- 


>  Geikie's  Text-book  of  Geology,  p.  1070. 
» Ibid.,  pp.   1070,  1073,  1075. 
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The  Rothliegende  is  often  unconformable  on  the  Carboniferous. 
The  character  of  the  formations  and  of  their  fossils  is  such  as  to  show 
that  much  of  the  sediment  was  accumulated  in  inland  seas,  and  in 
salt  and  fresh  lakes.  Gypsum,  salt,  and  a  meagre  faima  of  dwarfed 
and  stunted  species,  some  of  which  are  of  certain  marine  types,^  are 
among  the  distinctive  marks  of  the  series.  To  these  inland  areas 
of  sedimentation  the  sea  sometimes  had  access,  as  the  nature  of  the 
formations  and  their  fossils  show.  It  may  have  had  limited  access, 
even  while  the  salt  and  gypsum  beds  were  being  deposited.  There 
were  lakes  of  fresh  water  also  in  which  sediments  gathered,  and  in 
these  parts  of  the  system,  fossils  of  terrestrial  as  well  as  lacustrine 
life  are  foimd.  Even  in  some  of  the  Permian  limestones  (as  in  France) 
fresh-water  fossils  only  are  found.  The  shallow-water  or  subaerial 
origin  of  much  of  the  Permian  is  shown  by  the  sun-cracks,  rain-pit- 
tings,  ripple-marks,  etc.  Tracks  of  terrestrial  and  amphibious  animals, 
impressed  in  the  muds  and  sands  while  they  were  accumulating,  are 
also  found. 

In  keeping  with  the  conditions  of  its  origin,  the  Rothliegende  often 
contains  beds  of  coal.  This  is  the  case  in  France,  where  one  coal- 
bed  attains  a  thickness  of  82  feet;^  in  Saxony,  in  the  Harz,  Schwarz- 
wald  and  Thiiringerwald  mountains;  and  in  Bohemia  where  the  valu- 
able coal-beds  occur  in  the  Rothliegende  more  than  in  the  Carbon- 
iferous.^ In  the  region  of  the  Ural  mountains,  too,  the  Lower  Per- 
mian beds  are  non-marine  and  coal-bearing.'* 

Especial  interest  attaches  to  the  conglomerates  and  breccias  of 
the  system  because  of  their  likeness  to  glacial  drift.^  This  likeness  is 
found  not  only  in  the  presence  of  large  bowlders,  but  in  their  character 
and  in  the  matrix  in  which  they  are  set.  Furthermore,  the  stones 
have  now  and  then  been  observed  (Midlands  and  west  of  England) 
to  carry  marks  which  have  been  thought  to  be  glacial  striae.  This 
origin  of  the  marks,  however,  has  been  called  into  question.    The  con- 


'  Kayser,  op.  cit.,  p.  226. 
'  Idem,  p.  253. 
» Idem,  p.  230-238. 

*  De  Lapparent,  Traits  de  G^ologie,  p.  969. 

•  Ramsay,  Q.  J.  G.  S.,  1855,  p.  185;  and  Geikie,  op.  cit.,  p.  1064.  There  seems  to 
be  some  question  as  to  whether  these  formations  should  be  referred  to  the  Carbonifer- 
ous or  the  Permian. 
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»rate  is  wide-spread,  and  in  some  cases  contains  bowlders  whic 
been  transported  considerable  distances. 

ae  Lx)wer  Permian  strata  of  the  Dyas  phase  are  often  red,  i 
sted  by  their  German  name  (RotMiegende).  Strata  of  the  san 
onstitute  at  least  a  part  of  the  "New  Red  Sandstone  "  of  Grei 
in.  As  a  matter  of  fact,  however,  while  the  colors  of  this  form; 
ire  usually  striking,  other  colors  than  red  are  often  found.  Tl 
that  the  red  color  is  characteristic  of  the  same  system  in  muc 
nerica  has  been  noted. 

I  contrast  with  the  RothUegende,  the  Lower  Permian  of  much  ( 
em  Europe  is  of  marine  origin,  and  is  generally  conformable  c 
!arboniferous.  Non-marine  Permian  beds  are,  however,  found  j 
Duth  as  the  Alps,  and  even  into  Italy.  On  accoimt  of  its  fossi 
ts  relations  to  the  Carboniferous,  the  Lx)wer  Permian  of  southei 
pe  has  been  thought  to  be  older  than  the  Rothliegende.^  It 
y  distributed,  occurring  in  the  Alps,  Italy,  Sicily,  the  Pyrenn« 
1  the  Balkans. 

tie  typical  Permian  phase  of  the  sjrstem  underUes  the  larger  pa 
issia  (in  Europe),  and  appears  at  the  surface  over  a  large  an 
e  southeastern  part  of  that  country.  It  is  generally  conforc 
on  the  underlying  Carboniferous.  Its  lower  part  is  made  i 
ly  of  clastic  beds  bearing  non-marine  fossils.  Some  beds,  ho\ 
contain  the  shells  of  marine  species.  The  Lower  Permian  extenc 
3va  Zemla  on  the  north,  and  to  the  steppes  of  Kirghiz  in  Asiat 
ia,  on  the  east.^ 

he  Upper  Permian. — ^The  Upper  Permian  of  western  and  centr 
pe  (the  Zechstein  of  Germany)  is  imlike  the  Lower  in  sever 
rtant  respects.  It  contains  much  more  Umestone  and  dolomit 
leither  coal,  igneous  rock,  nor,  except  at  its  very  base,  conglome 

Such   characteristic   marine   fossils   as   cephalopods   and   cora 
;enerally  absent,^  and  from  the  stunted  aspect  of  the  fossils,  ar 

the  association  of  the  dolomite  with  gypsum,  salt,  etc.,  it 
^ht  that  the  limestone  and  dolomite  may  be  largely  chemic 
pitates.    Some  parts  of  the  Upper  Permian  are,  however,  of  mari 


*  De  Lapparent,  Traits  de  Geologic,  p.  985. 
^  Kayser,  op.  cit.,  pp.  253-255. 
» Idem,  p.  226. 
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ori^.    In  southern  Germany,  Bohemia,  and    France,  the  Zechstein 
has  little  representation.' 

The  Upper  Permian  of  western  Europe  is  remarkable  for  the  fact 
that  ceii^n  thin  beds  of  peculiar  character  are  exceptionally  persis- 
tent over  wide  areas.  Thus  at  its  very  base,  there  is  a  thin  but  per- 
sistent bed  of  conglomerate  (perhaps  a  basal  conglomerate),  and  a 
little  higher  in  the  series  there  is  a  thin  layer,  rarely  reaching  a  thick- 
ness of  as  much  as  five  meters,  and  often  less  than  one,  which,  over 


lo.  280. — Sketch  m&p  of  Europe  showing  the  areas  of  depositii 
of  the  Pennian  period.    The  tinea  indicate  areas  of  marine  sedimentation,  and 
s  of  a 


ibe  dots  areas  a 


a-marine  sediment  at  ion. 


the  early  part 
(.\ft«r  De  Lapparent.) 


very  considerable  areas,  carries  abundant  ores  of  various  metals,  among 
which  copper  is  prominent.  It  also  carries  abundant  fish  remains, 
and  is  rich  in  bitumen.  This  layer  (Kupferschiefer),  thin  as  it  is,  has 
long  been  worked  in  Germany,  now  chiefly  about  Mansfield,  especially 
for  the  copper.  The  ore  occurs  in  small  grains,  distributed  through 
the  sedimentary  bed.  The  grade  of  the  ore  is  rather  low,  but  it  is 
'  Kayser,  op.  cit.,  p.  225. 
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r  worked.  The  origin  of  the  copper  has  been  referred  to  sul 
le  mineral  springs,  which  have  even  been  supposed  to  have  poisone 
raters  and  so  to  have  destroyed  the  organisms  in  them,  the  deca 
lose  remains  gave  rise  to  precipitating  agents.    More  in  the  naturi 

of  things,  the  ore  has  been  referred  to  the  leaching  of  igneoi 
other  rocks  by  siuf ace-waters  tributary  to  the  basin  in  whic 
leposit  took  place,  the  precipitation  of  the  ore  being  assigned  I 
organic  agencies  common  to  inhabited  waters.  Such  an  explanj 
gains  in  plausibility  from  the  fact  that  the  area  where  the  copp 
•s  appears  to  have  been  a  somewhat  enclosed  basin,  rather  tha 
)pen  sea.  The  ores  are  best  developed  in  the  vicinity  of  fault 
1  indicates  that  they  are,  in  part  at  least,  of  secondary  origii 
singular  fact  that  the  Permian  of  Texas,  as  well  as  that  of  Europ 
ins  copper  ores  in  similar  relations,  has  been  referred  to. 
he  Upper  Permian  of  central  and  western  Europe  contains  tl 
est  salt-beds  known  in  any  part  of  the  earth.  Near  Berlin,  or 
ese  salt-beds  has  been  penetrated  to  the  depth  of  about  4000  fee 
its  bottom  has  not  been  reached.    In  addition  to  common  sal 

of  potash  and  magnesium  were   locally  (Stassfurt)  deposited  i 

quantity  as  to  be  commercially  valuable.  The  world's  suppl 
itassium  salts,  with  the  exception  of  saltpetre,  comes  from  th« 
^     Like  the  rock  salt,  these  salts  probably  represent  precipitate 

the  waters  of  inclosed  basins  under  special  conditions, 
he  Upper  Permian  of  eastern  Europe  is  largely  of  non-marir 
1,  as  shown  by  the  salt,  gypsum,  etc.,  which  it  contains.     Marir 
s  are,  however,  not  wanting, — are  indeed  rather  more   commc 

in  the  Zeehstein  farther  west.  Over  wide  areas,  the  beds  a 
^gnated  with  copper.  The  flora  is  of  a  type  (Glossopteris)  m 
developed  elsewhere  in  Europe,  but  prevalent  in  the  Permian  ( 
o-Carboniferous  of  Africa  and  Australia.^. 

lie  Permian  system  is  present  in  Spitzbergen,  where  it  is  whol 
le.    The  fossils  are  more  closely  allied  to  those  of  the  north  PacU 

to  those  of  Russia  and  India,  as  if  there  were  a  boreal  marii 

nce.^ 

eneral. — On  the  whole,  the  Permian  system  of  Europe  possess 

^  Kayscr,  Geologische  Format ionskunde,  p.  260. 

'  Amalitzky,  Review  of  article  by,  Geol.   Mag.,   1901,  p.  231 

'  De  Lapparent,  p.  980. 
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features  vMch  show  that  the  general  attitude  of  the  continent  was 
comparahle  to  that  of  North  America  at  the  same  time.  In  both 
continents  there  are  beds  which  accumulated  in  fresh  water;  in  both, 
beds  which  were  Imd  down  in  salt  lakes  or  inland  seas;  and  in  both, 
beds  deposited  on  the  floor  of  epicontinental  seas.  Great  areas  in 
both  continents  seem  to  have  maint^ed  a  halting  attitude  near  the 


Fig.  290. — Sketch  map  of  Furope  dunng  the  later  part  of  the  Permian  period.  The 
lines  indicate  &rea8  of  manne  depoe  tion  the  broken  lines  areas  of  lagoon  deposits; 
and  the  dots   areas  of  cont  nental  (land)  deposition.     (After  De  Lapparent.) 

critical  level  dunng  much  of  the  period  while  in  both  continenta  there 
were  considerable  areas  of  dry  land 

The  differences  between  the  contments  are  not  less  instructive  than 
the  likenesses.  The  Permian  period  was  distinguished  in  Europe  by 
great  igneous  activity,  while  that  of  America,  though  marked  by  the 
growth  of  mountains,  was  essentially  non-igneous.  The  Permian 
system  of  Europe  seems  to  be  more  closely  alhed,  stratigraphically, 
with  the  Trias  than  with  the  Carboniferous,  and  while  the  same  is 
true  of  the  western  part  of  North  America,  the  opposite  is  true  for 
the  eastern  part. 
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I  other  parts  of  the  world  the  Permian  is  widely  developed.  Ii 
xies  about  the  Indian  Ocean,  including  South  Asia,  Australia 
southern  Africa,  there  is  usually  a  less  distinct  break  betweei 
arboniferous  and  the  Triassic  systems  than  in  Europe,  and,  locall; 
ist,  the  Permian  seems  to  completely  bridge  the  interval, 
ustralia. — ^In  South  Australia,  above  a  series  of  Coal  Measure 
)lants  of  which  are  of  the  normal  Carboniferous  types,  there  i 
es  of  marine  beds  alternating  with  beds  which  contain  land  plant 
e  those  of  the  Coal  Measm-es  below.  Considerable  beds  of  coa 
ilso  included  in  the  series.  Interstratified  with  these  marin 
\  and  coal  seams  there  are  considerable  beds  of  conglomerat 
stinctive  glacial  type  (Fig.  291).  Some  of  the  bowlders  of  th 
omerate  are  striated  in  such  a  way  as  to  leave  no  doubt  as  t 

glacier  origin.  Furthermore,  the  substratum  on  which  thi 
ier  beds  rest  has  been  repeatedly  observed  to  be  grooved  am 
led,  like  roches  mmUonnies,  and  the  direction  in  which  the  ic 
)d  has  been  determined  in  more  than  one  locality.  Unwdllinj 
lologists  were  to  believe  that  there  was  a  glacial  period  at  thi 

stage  of  the  earth's  history,  the  evidence  now  in  hand  is  over 
ning,  and  a  glacial  period  in  AustraUa  in  the  late  Carboniferou 
ermian  period  must  be  regarded  as  a  demonstrated  fact.^ 
he  number  of  well-defined  bowlder  beds  is  in  places  (Bacchu 
h  District,  Victoria)  not  less  than  nine  or  ten,  and  some  of  ther 
a  thickness  of  fully  200  feet.  The  marine  beds  with  which  the; 
ntercalated  have  an  aggregate  thickness  of  2000  feet  or  more, 
30  to  40  feet  of  coal  are  included  between  the  highest  and  low 
f  the  bowlder  beds.  The  recurrence  of  the  bowlder  beds  point 
le  repeated  recurrence  of  glacial  conditions,  and  the  great  thicl 
both  of  clastic  beds  and  of  the  included  coal  point  to  the  grea 
tion  of  the  period  through  which  the  several  glacial  epochs  wer 
ibuted. 

hese  remarkable  phenomena  are  not  local.  Counting  Tasmania 
e  glacial  deposits  are  also  found,  the  Paleozoic  glaciation  c 
ralia  had  a  known  range  of  nearly  22°  in  latitude  (42°  in  Taf 

V.  E.  David,  Q.  J.  G.  S.,  Vol.  LII,  1896,  p.  289-301.   "  Glacial  Action  in  Australi 

rmo-Carboniferous  Time."     Contains   also   references  to  all  the  literature  o 

ibject. 

Jeikie  gives  3500  feet,  op.  cit.,  p.   1060. 
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I  to  20°  Sty  in  Queensland),  and  about  35®  in  longitude  (wes 
137°  30'),  though  it  is  not  known,  nor  perhaps  probable,  tha 
e  area  within  these  limits  was  glaciated.  On  the  other  hand, : 
to  be  understood  that  the  phenomena  here  described  are  restricte 
;h  altitudes;  rather  are  they  known  chiefly  at  low  levels,  descenc 
1  some  places  nearly  to  the  sea.  The  altitude  of  this  r^on 
oly  low  now,  but  it  was  probably  low  during  glaciation,  as  sho\^ 
e  relation  of  the  glacial  deposits  to  the  marine  beds.  Whatevi 
ifficulties  in  the  way  of  its  explanation,  therefore,  the  fact  of 
period,  during  which  glacial  conditions  recurred  many  tim 
be  accepted. 

le  marine  beds  associated  with  the  glacial  deposits  seem  to  mat< 
)ximately  those  of  the  Carboniferous  period  elsewhere,  but  tl 
s  of  the  associated  coal  show  none  of  the  most  characterist 

of  the  Carboniferous  beds  as  developed  in  Europe  and  Americ 
er  do  they  present  the  general  facies  of  the  Triassic  flora.  ( 
ther  hand,  Permian  fish  remains  are  found  above  all  the  bowld 

suggesting  that  the  glacial  conditions  were  over  before  the  ei 
e  Permian,  though  in  the  same  beds  which  contain  fish  remair 

have  thought  to  see  evidence  of  ice  action.    The  glacial  charact 
ese  later  beds  has,  however,  not  been  proven.    In  any  case  thi 
y^ounger  than  the  certainly  glacial  beds  below.     The  testimoi 
e  plant  fossils  is  therefore  that  the  period  of  glaciation  was  la 
dan  or  early  Triassic;   that  of  the  marine  fossils  that  it  was  la 
Dniferous  or   early  Permian.    The  better  view,   probably,   is 
cl  the  glacial  beds  as  the  base  of  the  Permian. 
1  some  parts  of  Mctoria,  the  Permian  rests  unconformably 
Lower  Carboniferous.    The  glacial  series  is  succeeded  by  co 
ng  beds,  and  these  by  the  Triassic  system.    The  upper  part 
system  is  coal-bearing  also  in  New  South  Wales.    The  thickn< 
le  Permian  in  this  region  is  some  13,000  feet.^ 
idia. — Overlying  crystalline  schists  of  great  age,  there  is  in  t 
•al  part  of  the  peninsula  of  India  a  system  of  rocks  kno^vn  as  t 
IwAna   system.     This   system   is   made   up   of   several    divisioi 
lowest  of  which  (the  Talchir)  is  formed  in  considerable  part 
al  conglomerate,  the  bowlders  of  which  are  sometimes  as  mu 

*  Kayser   Geologische  Formationskunde,  p.  265. 
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as  four  meters  in  diameter.  Locally,  the  glacial  series  (the  glacial 
beds  and  the  formations  interstratified  with  them)  has  a  thickness 
of  about  2000  feet.^  The  few  plant  fossils  associated  with  this  con- 
glomerate are  like  those  associated  with  the  coal-seams  of  the  glacial 
series  in  Australia.  The  age  of  these  conglomerates  is  further  indi- 
cated by  the  fact  that  they  are  overlain  by  the  Fusulina  limestone 
(late  Carboniferous  or  Permian)  comparable  to  that  of  Europe.  Coal- 
beds,  regarded  as  Middle  Permian  (the  important  coal-beds  of  India), 
also  occur  above  the  Talchir  conglomerates  in  the  Gondw^a  system, 
thus  seeming  to  make  them  either  late  Carboniferous  or  early  Permian. 

The  character  of  the  Talchir  conglomerates,  especially  when  studied 
in  connection  with  the  bed  on  which  they  lie,  may  fairly  be  regarded 
as  demonstrating  their  glacial  origin;  for  not  only  are  the  bowlders 
glacially  striated,  but  the  surface  beneath  the  conglomerate,  like  the 
bed  of  the  similar  deposits  in  Australia,  is  also  polished  and  striated.^ 

The  glacial  Paleozoic  formations  in  India  are  in  some  respects  even 
more  remarkable  than  those  of  Australia,  for  they  reach  below  the 
latitude  of  18®,  and  are,  therefore,  several  degrees  within  the  Tropic 
of  Cancer;  not  only  this,  but  they  occur  at  low  levels,  descending 
in  places  nearly  to  the  level  of  the  sea. 

Conglomerates  which  appear  to  be  of  glacial  origin  are  not  limited 
to  the  Talchir  formation  of  the  peninsula.  Similar  formations,  believed 
to  be  of  the  same  age,  appear  in  the  Salt  Range  of  India  (Lat.  32°), 
in  the  central  Himalayas,  in  Cashmere,  and  Afghanistan. 

In  the  Salt  Range,  a  marine  Permian  formation  overlies  the  glacial 
series.  Marine  Permian  is  also  known  in  northern  Persia,  Armenia, 
the  central  Himalayas,  Tibet,  central  India,  Timor,  Yunnan,  Nanking, 
and  elsewhere. 

South  Africa.^ — ^In  South  Africa  there  is  a  series  of  beds  foimd 
in  various  parts  of  Cape  Colony,  Natal,  Zululand,  the  Orange  River 
State,  and  the  Transvaal,  which  possess  the  same  general  characteristics 
as  those  of  Australia  and  India.  Here  there  are  conglomerate  beds 
(the    Dwj'ka  formation)  some  of  which  are  glacial,  and  some  of  which 

*  Kayser,  op.  cit.,  p.  262. 

» Oldham,  Geology  of  India,  2d  ed.,  1893. 

'  For  an  excellent  account  of  the  Paleozoic  glacial  phenomena  of  these  several 
regions,  see  C.  D.  White,  Carboniferous  Glaciation  in  the  Southern  and  Eastern  Hemi- 
spheres, Am.  Geol.,  1889,  Vol.  XIII,  pp.  299-332.  For  a  later  account  of  the  glacial 
bneds,  see  footnote,  p.  636.     See  also  Geol.  Cape  Colony.  Rogers,  1905,  pp.  147-179. 
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\  probably  deposited  in  water,  in  wbich  bergs  were  floating.'  The 
■lonierates  are  associated  with  strata  (the  Ecca  shales)  which  a 
jred  to  the  Permian  syst«m.  Many  of  the  bowlders  of  fliese  co 
iierates  are  striated,  and  at  the  same  time  the  bed  on  wliich  tl 
■al  conglomerate  rests  shows  indisputable  marks  of  ice  actii 
■lany  places  (Figs.  292  and  292o.).  The  glacial  beds  are  believi 
Ba^■e  extended  as  far  north  as  26°  40'  in  the  Transvaal.  The  glaci 
I  associated  beds  have  great  thickness  (1200  feet)  in  Cape  Colony. 


Kbo^-e  the  Ecca  shales,  which  are  thought  to  be  gIacio-flu\'ial 
Bio-lacustrine ,2  is  the  coal-bearing  Beaufort  series  with  Glossoptei 
.   and   abundant   reptiUan  remains.^ 

The   knottTi    Permo-Carboniferous   glacLation    of   Au.'ftralia,    Indi 

Africa  is  found  in  two  zones,  the  one  north  and   the  other  sou 

Ihe  equator.    In  neither  zone  have  the  limits  of  glaciation  be 

.ish    Geog.    Mag.,  Vol.    XVII.    1901,    p.    57;    and   Trans.  Phil.  Soc.  of 
|a,  Vol.  XI,  1900,  p.  113, 

iMolengraaff,  Bull,  de  la  Koc.  Geo!.  i!e  France,  1901,  p.  79. 
lUroom,  Geol.  of  Tape  Colony,  pp.  228-244. 
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accurately  determined,  but  in  the  former  it  is  known  to  have  extended 
from  latitude  18°  to  about  35°,  and  probably  still  farther  north,  while 
in  the  latter  it  is  known  to  have  extended  from  latitude  21°  to  35°. 
In  an  equatorial  zone  about  40°  in  width,  glaciation  has  not  been  dis- 
covered. The  glaciation  of  these  various  countries  has  a  range  of 
about  130°  in  longitude.  Glacial  conditions  must,  therefore,  have 
prcA'ailed  over  an  area,  or  at  least  about  the  borders  of  an  area  many 
times  as  large  as  that  covered  by  ice  in  the  northern  hemisphere  during 
the  Pleistocene  glacial  period. 

The  marked  likeness  of  the  floras  associated  with  the  glacial  deposits 


throughout  these  three  continents  is  beUeved  to  be  evidence  that  there 
was  land  connection  between  them  at  the  time  of  the  glaciation.  The 
horizons  to  which  the  Carboniferous  types  of  plants  are  restricted, 
especially  in  Australia,  have  been  thought  to  represent  a  lesser  inter\*al 
of  time  than  that  occupied  in  the  deposition  of  the  Carboniferous  beds 
of  Europe  and  America,  Partly  on  this  ground,  the  plant-bearing 
beds  associated  with  the  glacial  deposits  in  Austr.ilia,  and  containing 
the  Glossopteris  flora,  have  been  believed  to  represent  the  later  part 
of  the  Carboniferous  period;  and  if  so,  they  indicate  that  the  plant- 
life  of  this  region  advanced  more  rapidly  than  that  of  Europe  and 


nprica,  for  the  GlossopterLs  flora  is  allied  to  the  Triassic  flora  of  otle 
Bioiis.  Since  in  all  these  regions  the  Glossopteris  flora  antedate: 
lattended  the  glacial  beds,  it  has  been  thought  to  be  the  flora  a 
Booler  climate,  and  that  this  climate  was  the  beginning  of  the  chang 
Bich  culminated  in  glaciation.  As  already  indicated,  the  Carboniferau 
Permian  are  not  sharply  differentiated  in  these  coimtries.  Oi 
■  whole,  the  general  relations  seem  to  suggest  that  the  beds  m 
■ling  the  Glossopteris  flora  and  the  glacial  beds  were  couteuijiorj 


fus  with  the  early  Permian  of  other  regions,  rather  than  with  the  Ct 
liiferous  proper.  If  this  bo  true,  the  culmination  of  the  later  Pali 
Ic  glaciation  was  in  the  early  Permian.  In  the  later  part  of  tl 
^■iod  there  seems  to  have  been  nn  adwince  of  the  sea  on  the  lar 

luirdjK.'  and  Asia  (S;ilt  Range  of  India). 
I  South   America. — Rocks  like  those  of  the  countries  about  the  Indi 
1  are  also  known  in  Argentina  and  the  southern  part  of  Bras 
I  the  latter  situation,  conglomerates  of  glacial  aspect  have  long  be 
Their  glacial  character  has  now  (1906)  been  proved  by  I. 
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.  ^Bite.i    Coal-bearing   beds   with   the   Glossopteris   flora   lie   uncon- 
jjiniftblv  on  older  formations,  and  conformably  below  the  Triaa.^ 

^.  ;  Close  op  the  Paleozoic  Era.' 

'^  The  close  of  the  Paleozoic  era  was  marked  by  much  more  con- 
^^Bdn'able  geographic  changes  than  the  close  of  any  period  since  the 
^Vlsonlii^in-  These  changes  may  be  said  to  have  been  in  progress 
f  the  Permian  period  rather  than  to  have  occurred  at  its  close. 


T  Frieska,  South  Africa. 


The  changes  in  the  relations  of  land  and  water,  and  the  deformation 
of  strata  mentioned  in  connection  with  the  close  of  the  Carboniferous 
period  (p.  584),  probably  continued  during  the  Permian. 

It  will  be  remembered  that  there  was  a  considerable  withdrawal 
of  the  sea  from  North  America  at  the  close  of  the  Ordovician,  con- 
verting large  areas  which  had  been  submerged  during  the  Cambrian 

■  Oeol.  Soc.  Am. ,  Dec.  'OS. 

'  Kaiser,  Geologiscbe  Fonnationakunde,  p.  265.    This  author  states,  pp^  227  and 
265,  that  Kiscial  beds  occur  in  South  America. 
»  Smith,  J.  P.,  Jour.  GeoL .  VoL  IX,  pp.  512-21. 
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Ordovician  periods  into  land;  but  as  the  Silurian  period  pro- 
id,  the  sea  gradually  crept  back  over  much  of  the  area  from  which 
d  temporarily  withdrawn.  Of  the  larger  part  of  this  area  the 
etained  possession  through  the  later  part  of  the  Silurian  and 
Devonian  periods,  and  during  the  Mississippian  it  was  greatly 
ded. 

I  the  Coal  Measures  period  great  areas  were  converted  into  marshes, 
!till  later  in  the  period,  or  at  its  close,  a  wide-spread  withdrawal 
3  sea  made  most  of  the  area  of  the  United  States  east  of  the  96th 
lian,  land.  The  geographic  changes  may  be  best  appreciated  by 
aring  the  maps  on  pages  497  and  545.  The  movements  which 
:ed  in  these  changes  were  probably  slow,  and  for  most  of  the 
not  notably  deformative. 

he  great  geographic  changes  which  had  been  accomplished,  or 
Ivanced,  by  the  close  of  the  Paleozoic,  were  (1)  the  development 
e  Appalachian  mountain  sjrstem  at  the  western  border  of  Appa- 
a;  (2)  the  deformation  of  the  surface  of  Appalachia;  (3)  the 
opment  of  the  Ouachita  mountains;  (4)  the  final  conversion 
3  larger  part  of  the  area  between  the  Great  Plains  and  Appalachia 
an  area  of  deposition  to  an  area  of  erosion;  and  (5)  the  restriction 
e  west  of  the  area  of  sedimentation  in  the  western  interior, 
ich  extensive  geographic  changes,  involving  the  conversion  of 
great  areas  from  sea  bottom  into  land,  must  have  caused  pro- 
1  changes  in  the  circulation  of  water,  in  climate,  and  in  the  dis- 
tion  of  terrestrial  and  marine  life. 


The  Life  of  the  Permian. 

he  life  of  the  Permian  can  carry  its  full  meaning  and  receive  its 
nterprotation  only  when  put  into  association  with  the  extraor- 
y  physical  conditions  which  formed  its  environment.  These  were 
most  remarkable  in  the  post-Cambrian  history  of  the  earth, 
een  them  and  the  life  there  must  have  been  reactions  and  adapta- 
of  the  utmost  significance,  if  we  could  surely  read  them.  At  no 
d,  save  our  own,  were  the  phenomena  so  pronounced,  and  hence, 
Uttle  doubt,  so  rich  in  possible  instruction  as  to  the  adaptation 
e  to  extreme  conditions.     Their  teachings  have  been  less  eagerly 
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>ught  and  less  freely  received  than  they  merit,  because  of  preva- 
nt  preconceptions  as  to  what  must  have  been  the  state  of  the  atmos- 
iiere  and  the  type  of  life,  arising  from  a  single  unquestioned  hy- 
3thesis  of  the  early  state  of  the  earth  and  its  necessary  sequences, 
alternative  views  on  this  fundamental  subject  are  entertained, 
le  psychological  conditions  will  be  more  felicitous  for  following  to 
leir  legitimate  conclusions  the  extraordinary  facts  of  this  critical 
eriod. 

Because  the  ph3rsical  conditions  were  so  pronounced  in  the  salient 
matures  of  glaciation  and  aridity,  certain  questions  relative  to  the 
fe  at  once  arise:  (1)  Was  it  possessed  of  such  powers  of  adaptation 
lat  it  met  its  extraordinary  environment  by  accommodating  itself 
)  it;  or  (2)  was  it  destroyed  co-extensively  with  the  changes  in  envi- 
Dnment;  or  (3)  did  it  elude  the  adverse  conditions  by  shifting  from 
ne  area  to  another  as  the  adverse  conditions  shifted  (hypothetically) ; 
r  (4)  did  its  composite  experience  embrace  all  these,  and  if  so,  what 
leasure  of  each? 

The  impoverishment  of  life. — There  is  no  question  but  that  there 
ras  a  great  reduction  in  the  amount  of  life.  In  the  earUer  days  of 
eology,  it  was  commonly  held  that  a  complete  destruction  of  all  living 
liings  on  the  face  of  the  earth  attended  this  closing  period  of  the  Paleo- 
oic  era,  and  that  a  re-creation  followed;  for  in  the  state  of  knowledge 
f  that  time,  no  Paleozoic  form  was  known  to  occur  in  the  following 
ra.  Had  it  then  been  known  that  glaciation  pressed  upon  the  bor- 
lers  of  the  tropics  on  either  side,  in  the  far  Orient,  and  that  intense 
ridity  dominated  large  areas  elsewhere,  it  would  have  added  great 
trength  to  the  conviction  of  a  universal  catastrophe  to  life.  With 
he  progress  of  investigation,  however,  no  small  reUef  from  the  adverse 
lata  has  been  found  in  the  discovery  that  some  forms  bridged  the 
fiterval,  and  in  the  additional  grounds  for  beUef  that  many  others 
mderwent  modifications  which  enabled  them  to  pass  it  as  new  types, 
nd  in  the  accumulating  e\'idences  that  the  succession  of  life  was 
inbroken,  though  greatly  modified.  Progressive  investigation  is  still 
•ringing  forth  more  and  more  evidence  of  this  kind,  and  reducing 
he  disastrous  implications  of  the  record.  Not  only  this,  but  \nde  study 
wrings  into  view  the  compensating  effects  of  the  strenuous  conditions 
tt  calling  into  play  the  latent  powers  of  adaptation  and  of  resistance 
f  the  organisms,  and  in  producing  new  forms  of  life.    Notwithstand- 
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the  Sdnzoneura  branch  of  the  family  also  was  represented.  Spkeno- 
pkyllum  held  on  into  the  period  chiefly  by  new  species.  While  some 
of  the  more  persistent  genera  of  Coal  Measure  ferns  or  Cycadofilices 
were  represented  by  new  species,  the  majority  disappeared,  and  new 
genera  took  their  places,  CaUipleris,  Twniopteris  and  Cymoglossa  being 
especially  significant  of  the  new  order  of  things.    Of  the  older  genera, 


Fig.  295. — Pbbmian  Flora  of  America:  a,  PecoplerU  Icnmneri-is  Fontaine  and 
White:  b,  CaUivUrM  eonlerta  Bgt, ;  c,  Bterile  frond  of  Tteniopteris  newberriana 
Fontaine  and  Wliite;  d,  T.  Tiewberriana,  basal  part  of  a  fructified  frond;  e,  Cijtno- 
glotaa  obtusijolia  Fontaine  and  White;  /,  Saportea  ealielnirioiikt  Fontaine  and 
Whit«;    g,  Baiera  virginiana  Fontaine  and  White. 


Pecopteris  was  especially  prolific  in  species,  and  Spkenopteris  and  Goniop- 
teris  were  well  represented.  Just  how  many  of  these  frond-genera 
were  true  ferns  and  how  many  Cycadofilices  remains  to  be  determined, 
but  we  are  warranted  in  noting  the  singular  fact  that  the  fern-stock 
survived  changes  with  more  success  than  most  of  its  contemporaries. 
The  Cordnfes  continued,  and  initial  forms  of  the  ginkgos  appeared  in 
Saportea  and  Baiera  and  gave  a  Mesozoic  forecast  to  the  flora. 

In  El"         ntoet  of  the  above  forms  appeared  rather  sparsely  at 


)ening  of  the  period,  and  gradually  increased  in  prevaJenoe,  wh 
>sidual  Carboniferous  species  declined.    The  general  aspect 


Fro.  296. — A  verticel  of  leaveaof  Olossopter 


X-2.    (After  Etberidge.) 


lora  remained,  however,  that  of  poverty.  Two  new  types 
interest  came  in  and  became  characteristic,  Wakkia  and  Voltz 
'lia  (Fig.  297)  resembled  an  Araucarian  conifer  in  its  folia) 
ts  seed  organs  were  apparently  different.    Wliile  conifers   ha 


Fio,  297,— tl'a/cAia  pini/c 


Permian  conifer  of  Europe. 


rcportcti  from  earlier  systems  on  the  doubtful  basis  of  woo 
,  Walchia  may  probably  be  safely  regarded  as  representing  the 
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It  had  small  bract-like  leaves  closely  and  thickly  attached  to  the 
limbs,  pving  it  a  scrawny  appearance.  Voltzia  (Fig.  298,  h)  is  inter- 
esting as  a  supposed  forerunner  of  the  group  (Cryptomeria)  to  which 
the  ffant  sequoia  and  the  bald   cypress  belong.    The  abbreviated 


,   Ghmopkrit 

..      ,  ,  istifolia,  lifft.;   c,  GangamopUrix  cyclopUnwUs,  FBtm.; 

d,  Xorggerathiopsit  hislop.   Bunb, ;    e,  XmropUrU  ralida,   Fsim.;    /,  Schitoneura 


Fatm.;   17,  Phijilotheea  indica,  Uunb.;   h,  VolUia  heterophylta,  Bgt. 


leaves   and  pauperitic  aspect  of  both    Walchia  and    Voltzia  will  be 
noted. 

The  Glossopteris  flora. — The  most  remarkable  vegetal  event  of 
the  period  was  the  evolution  of  the  Glosso-pteris  (tongue-fern)  flora 
in  the  southern  hemisphere,  and  its  migration  into  the  northern.  The 
representative  members  of  this  flora  were  the  ferns  Glossopteris,  Gan- 
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)teris,  NoeggercUhiopsis,  and  Neuropteris,  the  equisetales  Phy 
I  and  Schizaneura,  and  the  conifer  VoUzia  (Fig.  298,  a-fc),  tl 
two  being  eminently  characteristic.  The  peculiar  expressic 
5  group  will  at  once  be  recognized,  especially  the  simplicity 
itlines  of  the  fern  leaves,  and  their  contrast  to  the  usual  dissecti 
,  as  also  the  pauperate  aspect  of  the  Volizia,  These  give  suppo 
;  view  that  this  flora  was  evolved  to  meet  the  adversities  of  c 
which  prevailed  in  and  about  the  glaciated  regions.  While  tl 
of  this  flora  do  not  actually  appear  in  the  glacial  beds  thei 
,  they  are  found  in  tne  interglacial  deposits,  and  in  those  th 
mediately  above  the  upper  glacial  beds.  Developed  thus  am 
se  surroundings,  if  not  directly  under  adverse  conditions,  tl 
not  only  took  on  a  resistant  aspect  in  simple  outlines  and  cor 
orms,  but  soon  gave  evidence  of  its  vitality  by  spreading  nortl 
into  east  Africa  and  Asia,  and  then  Europe.^  It  reached  northei 
1  in  the  latter  part  of  the  Permian  period  (Amalitzky),  whei 
J  associated  with  Callipteris  and  other  forms  tjrpical  of  the  Eur< 
Permian  flora.  It  is  also  found  in  Brazil  and  Argentina.  I 
■y  is  further  shown  in  that  its  descendents  became  a  dominai 
e  in  the  Mesozoic  floras  that  followed. 

//.  The  Land  Animals. 

le  Amphibians. — Relatively,  the  amphibians  reached  their  moj 
ed  supremacy  in  the  latter  portion  of  the  Carboniferous  perioc 
hey  may  have  been  then  actually  at  their  numerical  cUmax,  f( 
onditions  were  apparently  extremely  favorable  for  them.  The 
mod,  liowever,  to  be  a  prominent  feature  in  the  early  portic 
'  Permian  at  least,  but  they  probably  declined  in  the  later  portic 
•  the  loss  favorable  physical  conditions  then  prevalent,  suppl 
h1  by  the  attacks  of  the  predaceous  reptiles  that  had  entere 
irona.  At  any  rate  they  were  overshadowed  in  historical  si| 
nco  by  the  rise  of  the  reptiles,  without  doubt  their  descendent 
Permian  amphibians  were  of  much  the  same  types  as  befor 
some  advances  in  organization,  and  some  reptiUan  tendencie 
le  appearance   of  the  primitive  reptiles. — While  the  reptiles  prol 

»  Amalitzky,  Schrift  d.  Warschauer  natur.  Ges.,  1895-1900. 
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ably  began  to  differentiate  from  their  ancestral  amphibians  earlier  * 
than  the  Permian,  the  first  demonstrable  relics  as  yet  found  are  from 
the  lower  strata  of  this  period.  Before  its  close,  there  had  appeared 
a  large  and  complex  group  of  primitive  reptilian  forms  very  curiously 
related  to  one  another,  implying  that  they  were  yet  in  the  early  stages 
of  their  differentiation,  and  hence  still  retained  various  common  inheri- 
tances from  their  ancestry,  and  implying  also,  probably,  that  they 
were  affected  by  parallel  evolution.  There  were,  at  the  same  time, 
signs  of  profound  divergence.  Two  great  branches  seem  already  to 
have  been  defined  in  part;  perhaps  indeed  they  had  never  formed 
a  common  group,  as  reptiles,  but  had  parted  company  while  yet  they 
were  amphibians.  The  one  (essentially  the  Diapsida  of  Osborn)  ^ 
bore  resemblance  to  the  microsaurians  and  may  have  descended  from 
them  or  from  allied  forms.  In  the  earliest  phases  represented,  they 
had  already  attained  a  decidedly  reptilian  structure  of  the  rhyncho- 
cephalian  type.  They  seem  to  have  been  the  forerimners  of  the  great 
hosts  of  lizards,  crocodiles,  dinosaurs,  ichthyosaurs  and  fljong  saurians 
that  constitute  the  most  declaredly  reptilian  line;  not  that  these  were 
all  necessarily  descended  from  the  Permian  rhynchocephalians,  but 
they  form  a  great  group  marked  by  certain  analogous  features, 
implying  either  kinship  in  genesis,  or  kinship  in  evolution. 

The  other  group  (Synapsidd)  bore  skeletal    resemblances  to    the 
highest  labyrinthodonts,  on  the  one  side,  and  to  the  lowest  mammals 


^^fftrfnmwWWfl 


Fig.  299. — PakeohaUeria  lonfficaudata,  a  primitive  diapsidan  of  the  order  Proioroaauria, 
about  i  natural  size.     (Restoration  by  J.  H.  McGregor.) 

that  appeared  later  (Monotremes),  on  the  other,  and  hence  may  be 
regarded  as  constituting  the  mammalian  strain  of  the  ancestral  rep- 
tiles. In  their  earliest  known  phases  they  were  rather  anomalous, 
and  later  they  deployed  into  a  remarkably  complex  order   (thero- 

» Science,  Vol.  XVII,  No.  434,  1903,  pp.  275-276. 


18  or  anomodonts)  whose  relationships  and  significances  yet 
resolution,  for  the  greater  part.  Under  the  theromorph  lineage 
erhaps  to  be  placed  the  turtles  and  plesiosaurs  that  appeared 
The  more  generalized  or  stegoeephalian-like  forms  of  the  latter 
I  have  been  given  an  ordinal  rank  as  the  Pareiasaurui  or  Cotylo- 
1  by  some  authors,  who  regard  them  as  ancestral  not  only  to 
rkerorrurrpha,  but  to  the  rhynchocephalian  type  of  reptiles  as 
thus  giving  expression  to  the  view  that  the  differentiation  had 


red  after  the  attainment  of  the  reptilian  form.  Other  group- 
ire  made  by  other  authors,  implying  that  a  final  opinion  is  not 
inivcrsally  reached. 

le  more  distinctively  reptilian  group  (Diapsida). — The  Palaohatleria 
Lower  Permian  of  Saxony,  a  small,  long-tailed,  lizard-like  reptile, 
;ognized  at  present  as  the  pioneer  of  this  branch  (Fig.  299),    It 
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was  typically  rhynchocephalian,  and  is  notable  in  that  its  line  of  descent 
is  perpetuated  to  this  day  in  the 
Spkenodon  or  Haiteria  of  New  Zea- 
land. With  kindred  genera  it  con- 
stitutes the  suborder  Proterosauria. 
Representatives  have  been  found  in 
England,  Scotland,  France,  and  Bo- 
hemia. They  are  not  known  in  North 
America.  An  allied  suborder  {Pely- 
cosaiiria)  is  predominantly  American, 
and  was  represented  by  several  genera 
(Clepsydrops,  Embolopkonts,  Dimetro- 
don,  Xaosaurus,  etc.)  in  Texas,  Il- 
linois,^ and  Kansas.  There  were 
also  representatives  in  Europe.  The 
skeletal  features  of  one  of  the  more 
typical  genera,  as  worked  out  by 
Case,  are  shown  in  Fig.  300.  A 
third  suborder  {Proganoaauria)  which 
some  paleontologists  believe  to  be 
rhyncocephalian  in  character,  though 
by  others  referred  to  the  Saurop- 
terygia,  had  two  genera  (Stereoster- 
num  and  Mesosaums)  of  small, 
elongate,  subaquatic  reptiles  (Fig. 
301),  from  Brazil  and  South  Africa. 

The  Tniinimalian  strain  of  the  rep- 
tilian group  (^apMda).  —  At  pres- 
ent the  Pareiasaurus  (Fig.  302)  stands  as  the  pioneer  of  this  branch, 
and  presents  the  nearest  approach  to  the  labyrinthodonts.  The  group 
seems  to  have  di\'erged  with  great  rapidity,  for  it  developed  markedly 
\-aried  and  strange  forms  by  the  close  of  the  period.  These  diverse  forms 
are  grouped  under  the  onlinal  term  Anomodontia  by  some  authors, 
and  by  others  under  Theromorpha,  in  which  case  Atwmodoniia  is  restricted 
to  a  suborder  (  =  Dicynodontia)  under  Theromorpha.    The  latter  term 

'  The  locality  in  Illinois  appears  to  be  simply  an  old  rivei^bed  eroded  in  the  sur- 
face of  the  Coal  Measures,  and  subsequently  fiUed  with  alluvium,  imbedding  the 
reptilian  remains. 


Fro.  301.  —  Sttrewlemur 


.  1  tuiDufum, 

from  Brazil,  about  I  natural  bim, 
(Restoration  by  McGregor.) 


to  the  mammaliflJi  features,  the  former  to  the  peculiar  dent 
The  theromorphs  deployed  into  four  suborders,  and  becan 
lominsnt  group  among  the  earliest  reptiles  in  each  quarter  ' 
;lobe  where  they  have  been  discovered.^  The  most  primiti' 
}  suborders  was  the  Pareiasauria  or  Cotyhsauria,  by  many  paleo: 
ista  now  considered  of  ordinal  rank,  whose  type  family  includt 
3ioneer  genus  above  illustrated.  This  family  was  abundant 
sented  in  South  Africa  and  in  several  parts  of  Europe,  notab 


ern  Russia,  where  Amalitzky  has  recently  found  many  skeletons 
family  is  not  known  in  America,  but  two  other  pareiasauria 
ies  are  represented  by  several  genera  {OIoc(bIiis,  Parwtichu 
■tes,  Pantylus,  Hypopnous,  Empedias,  Diadecles,  Ckihnyx,  Be 
).  This  distribution  is  very  notable,  considering  the  early  staj 
olution  of  the  reptiles. 

le  reptiles  grouped  imder  the  suborder  Tkeriodontia  posse 
iar  interest  because  of  the  mammalian  aspect  of  their  skulls,  of  the 
tion,  and  of  many  features  of  their  skeletons  (Fig.  303).  Tht 
especially  abundant  in  South  Africa  (Karoo  beds  ^),  but  tht 
been  found  also  in  Bohemia,  and  notably  in  Russia  (Amalitzky 

.  S.  Woodward,  Vert.  Pal,  p.  144, 
ompt.  Rend.,  March,  1901, 
is  well  to  bear  in  mind  that  the  Karoo  beds,  so  wonderfully  rich  in  significa 
rate  remains,  are  regarded  as  Permian  in  part  and  Triassic  in  part,  and  th. 
ion  of  their  theromorphs  belong  to  the  latter.     See  also  Broom,  Geol.  of  Ca] 
■,  1905,  pp.  228-249. 
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The  anomodonts,  in  the  restricted  sense  (=dicynodont9),  were 
highly  specialized  forms  notable  for  their  toothless  jaws,  or  else  jaws 
with  single  tusk-like  teeth.  The  rest  of  the  jaw  was  protected  by  a 
horny  covering  such  as  tiu'tles  have.  Some  features  of  their  skulls 
also  were  curiously  chelonian  in  aspect,  and  there  may  have  been  a 
genetic  relation  between  the  anomodonts  and  the  turtles ;  but  the  evi- 
dence at  present  does  not  go  beyond  resemblances.  The  dicyno- 
donts  were  probably  herbivorous.  The  Karoo  formation  of  South 
Africa  has  yielded  them  in  greatest  abundance,  and  they  have  also 
been  found  in  India,  Rus^,  and  Scotland. 

It  is  not  certainly  known  that  the  fourth  suborder  of  theromorphs, 
the  Placodontia,  were  represented  in  the  Permian,  though  their  pres- 


Fia.  303. — View  of  the  right  side  of  the  skull  of  the  theriodont  CynogruMthta  eraUro- 
notus,  from  the  Karoo  fonnation,  South  .Urica,  diowing  the  striking  reeemblanM 
of  the  teeth  and  akull  to  a  manunalian  carnivore. 

ence  is  probable.  They  were  remarkable  for  their  singularly  modified 
dentition  which  has  do  parallel  among  reptiles.  The  teeth  in  front 
were  conical,  but  the  jaws  elsewhere,  and  the  palate,  bore  large  molar- 
like grinding  teeth.  They  are  thought  to  have  been  allied  to  the 
ancestral  turtles.  These  anomalous  departures  in  dentition  may 
have  had  some  relation  to  the  peculiar  developments  of  the  vegeta- 
tion under  the  stress  of  the  late  Permian  and  early  Triassic  climatic 
conditions. 

This  rapid  and  diverse  deploj-ment  of  the  early  reptiles  in  a  period 
of  general  life  impoverishment  is  not  a  httle  remarkable,  but  as  it  was 


solution  of  air-breathers,  the  key  to  it  may  lie  in  a  more  oxygenat 
sphere,  a  point  to  which  we  shall  return, 
he    scant   record   of  other  laud  fonns. — The  Permian  record 
irthropods  and  of  the  terrestrial  mollusks  is  very  poor,  and  pn 

represents  an  impoverished  state  of  these  classes,  but  local  exo 

will  doubtless  yet  be  discovered. 

///.   The  Fresh-water  Life. 
lie  amphibians  and  some  of  the  reptiles  constituted,  in  a  sen 
rtion  of  the  fresh-water  as  well  as  the  land  life.     Besides  the 
J  were  abundant,  locally  at  least.    The  beautiful  little  Paleonisi 
304)  seems  to  have  had  its  climax  here,  and  almost  disappear 


(■  close  of  the  period.  Fishes  of  similar  structure,  but  with  det 
)0(iies,  belonging  to  the  PlatT/.tomus  family,  Fig.  305,  were  abundai 
modern  aspect  of  these  fishes  will  be  noted.  With  these  wi 
genera  that  had  been  prevalent  before.  Their  associations  sh 
they  lived  in  fresh  waters,  but  they  may  also  have  lived  in  1 

here  were  fresh-water  mollusks,  some  of  which  resembled  imi 
arthropod  element  was  not  well  represented,  though,  so  far 
■n,  it  shows  but  Utfle  eliange  from  the  Carboniferous. 

JV.  The  Marine  Fauna. 

he  withdrawal  of  the  epicontinental  seas  from  considerable  p 
of  the  continents  necessarily  reduced  the  territory  availa 
lallow-water  hfe,  and  introduced  a  restrictional  evolution.  Th 
:lierefore  at  this  time  a  coincidence  between  impoverishment 
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land,  and  restriction  in  sea,  when  normally  the  relations  are  reciprocaL 
In  North  America,  the  restricted  marine  area  lay  in  the  tracts  just 
previously  occu[ned  by  the  expanded  Carboniferous  seas,  and  inherited 
its  fauna  from  them.  At  fast  nearly  all  the  species  were  the  same 
as  those  of  the  preceding  period,  and  hence  a  grave  difficulty  has  always 
been  experienced  in  drawing  a  dividing  line  between  them.  Prosser, 
who  has  carefully  studied  the  Permian  of  the  great  plains,  has  recently 
listed  the  known  species,  and  found  only  about  seventy.  This  sug- 
gests a  decadent  fauna.    Of  these,  about  one  half  are  pelecypods, 


Fro,  305, — A  Pennian  fish,  Piat'jiiomti»  gjhhosu*,  restoration  by  Traquair,  about  one- 
fourth  natural  size.     Germany  and  England,     (Woodward.) 

which  is  doubtless  a  response  to  the  increasing  turbidity  that  attended 
the  shallonnng  of  the  sea.  Kepresentativc  forni.s  are  shown  in 
Fig.  306,  g-j.  Gastropods  (Fig.  306,  k),  brachiopods,  and  cephalo- 
pods  (Fig.  306,  a-j)  make  up  the  larger  part  of  the  rest.  Generally, 
the  productids  were  the  most  characteristic  forms,  an<i  the  long-lived, 
coemopohtan  Productus  semiretiailatus  frequented  the  seas  in  all 
quarters  of  the  globe.  It  was  the  last  flourishing  stage  of  the  pro- 
ductids, as  well  as  of  the  orthids,  the  spirifrrs,  and  the  athmds,  though 
the  last  two  eked  out  a  lingering  cxlstenpe  till  llir  Jurassic  period. 
The  advent  of  the  ammonites. — The  increasing  complexity  of  the 
suliuea  of  the  coiled  cephalopoda  has  been  noted  in  previous  periods. 
In  the  goniatites  of  the  Middle  Devonian,  the  sutures  had  become 
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lexly  lobed.  A  tranmtion  from  the  Eomply  lobed  goniatita 
with  more  complicated  sutures  had  taJken  place  as  far  bad. 
Cinderhook  epoch  (see  Pig.  235,  f\.     In  the  latter  part  of  t 


16. — Thb  SLuiiKE  Permian  Faitna;  Cephalnpoda.    a  Afedheottia  copet  "Wliite 

jid  r,  U'onjmwims  cumminsi  Wliite;  d  and  e  Popanoceras  iralcoth  "nhite 
ee  forms  of  nmmonoida  with  more  complicated  Hutures  than  were  prenenl  in 
lii^r  forms;  /.  Orlhoecras  riislimsis  McC'h.,  one  of  the  last  of  the  orthocei"  t  ttfl 
i-c'jpodn:  g,  Pscudoinoniitis  hawni  (M.  A  W.)  ft  Myahna  permuma  J^wall )  ( 
kulopcrtcn  oceidciUalis  (Sbuni,);  /,  Sedgwkk  a lopek.aenai3  (Shum  )  GaUrc 
iTfliimmia  3p. 


ian  period,  forms  with  still  more  intricate  sutures  (Fig  306,  c  and 
'proaching  those  of  the  characteristic  ammonites  of  the  Mesozoic 
le  conspicuous.    The  genera  Medlicotka  (Fig.  306,  o),  Waageno- 
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(Fig.  306,  b  and  c),  and  Popanoceras  (Fig.  306,  d  and  e)  were  repre- 
.^tive  t3rpes,  occurring  in  America,  Europe,  and  Asia.    The  older 
of  coiled  cephalopods,  the  goniatites  and  nautiloids,  mingled 
these  newcomers.    Interestingly  enough,  there  was  also  present 
ancient  straight  form  Orthoceras  (Fig.  306,  /),  now  reduced  to  primi- 
simplicity  and  diminutive  size,  lingering  along  in  the  last  stages 
P^      its  prolonged  career,  to  finally  disappear  in  the  Trias.    The  con- 
(compare  Fig.  306,  /,  with  a,  6,  and  d)  between  the  disappear- 
straight  type,  in  its  depauperate  form,  and  the  robust,  youthful 
^^EXimonites,  about  to  become  a  ruling  dynasty  in   its  stead,  is  most 
^^^arked.    It  was  in  this,  as  in  not  a  few  other  cases,  a  Permian  function 
welcome  the  coming  and  speed  the  parting  guest. 
The  retreatal  tracts  of  the  marine  life. — As  in  previous  transition 
^Sepochs  when  epicontinental  waters  were  largely  withdrawn,  the  marine 
found   special  refuge  in  certain  embayments  or  border  tracts 
which,  in  connection  with  the  coastal  belts,  permitted  them  to  re-form 
themselves,  re-generate  their  species,  and  prepare  for  a  succeeding 
invasion  of  the  continental  areas.    On  the  American  continent,  the 
St.  Lawrence  embayment  had  done  repeated  duty  in  this  line,  but 
there  is  no  specific  evidence  that  it  participated  notably  in  the  Permo- 
Triassic  transition.    The  border  of  the  Gulf  of  Mexico,  the  Mediter- 
ranean tract,  notably  in  the  region  of  Sicily  and  southeast  Europe,  and 
the  Ganges-Indus  tract  of  southern  Asia,  seem  to  have  been  special 
areas  of  refuge  and  regeneration.     There  are  signs  of  another  in  northern 
Asia,  and  suggestions  of  still  another  in  an  unknown  region  from  which 
the  Triassic  invasion  of  the  Trojntidce  came.    In  these  and  doubtless 
other  tracts,  and  on  the  continental  borders  generally,  the  shallow- 
water  marine  faunas  passed  from  the  Paleozoic  to  the  Mesozoic  phases. 
The  restriction,  compared  with  the  expansional  stage  of  the  Missis- 
sippian  period,  was  extremely  severe,  but  the  faunas  emerged  with 
new  species  born  in  adversity,  ready  for  conquest  when  the  re-advancing 
seas  should  give  them  an  expanding  realm. 

The  Problems  of  the  Permian. 

Between  a  marvelous  deployment  of  glaciation,  a  strangely  dispersed  deposi- 
tion of  salt  and  gypsum,  an  extraordinary  development  of  red  beds,  a  decided 
change  in  terrestrial  vegetation,  a  great  depletion  of  marine  life,  a  remarkable 
shifting  of  geographic  outlines,  and  a  pronounced  stage  of  crustal  folding,  the 
events  of  the  Permian  period  constitute  a  climacteric  combination.     Each  of 
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phenomena  brings  its  own  unsolved  questions,  i^hile  their  combinaiioQ 
Its  a  plexus  of  problems  of  imparalleled  difficulty.  More  than  any  other 
.  since  the  Proterozoic,  the  Permian  is  the  period  of  problems.  With  Ihtle 
these  marked  phenomena  were  related  to  one  another,  and  their  eluri- 
I  is  quite  sure  to  be  found  in  a  conmion  group  of  cooperative  agencies. 
it  is  too  much  to  hope  for  a  full  elucidation  at  once,  there  is  no  occasion 
nk  the  facts  or  evade  the  issues  they  raise. 

st,  however,  we  push  our  emphasis  of  these  phenomena  too  far,  let  it  be 
that  none  of  the  factors  in  this  combination  were  wholly  new  to  geologiai 
\\  There  had  been  glaciations  almost  as  strange  in  early  Gand)rian  or 
imbrian  times  (Norway,  China,  South  Africa) ;  there  had  been  signs  of  aridity 
'  salt  and  gypsum  deposits  of  Silurian  and  other  early  times;  there  had 
prevalent  red  beds  in  the  Old  Red  sandstone  and  in  the  Keweenawan; 
had  been  marked  restrictions  of  life  at  the  close  of  the  Ordo^ician  and 
or  stages ;  there  had  been  extensive  geographic  changes  in  earlier  Paleozoic 
s\  and  there  had  been  foldings  of  surpassing  intensity  in  Archean  and 
x)zoic  times.  The  peculiarity  of  the  Permian  combination  was  its  uniisual 
exity,  the  extraordinary  intensity  of  the  glaciation,  and  the  aridity, 
le  chronological  setting  of  the  combination  lends  some  advantages  to  its 

It  lies  in  the  midst  of  geologic  history,  with  periods  of  great  uniformity 

emarkable  polar  geniality  both  before  and  after  it.     Xo  ap{)eal  can  be 

to  a  supposed  final  refrigeration  of  the  earth,  or  to  any  declining  stage 

lile  condition.     It  was  an  episode  in  the  midst  of  a  long  history,  with 

probability  that  it  was  not  without  predecessor  and  successor,  though 

may  not  hiive  been  so  marked. 

|X)rti()n  of  the  phenomena  were  direct  expressions  of  deformation,  others 
st'cminjuly  close  sequences  of  deformation,  while  still  others  may  be  only 
ore  remote  sequences  of  deformation  in  the  form  of  changes  of  atmospheric 
lydrospheric  constitution.  If  the  solution  of  these  problems  lies  wholly 
•(*strial  causes,  it  seems  at  present  most  likely  to  be  found  in  the  immediate 
Iterior  consequences  of  deformation,  as  realized  in  physiographic  changes, 
1  th(*  constitution  and  working  conditions  of  the  hydrosphere  and  atmos- 

Without  assuming  that  this  is  necessarily  so,  this  line  of  inquiry,  yet 
infancy,  mav  he  outlined. 

/.   Tlic  Dcjormntion. 

e  deformation  at  the  close*  of  the  Paleozoic  appears  to  have  been  typical 
t  it  involved  an  increase  in  the  capacity  of  the  oceanic  basins  and  the  with- 
1  into  them  of  most  of  the*  previous  epicontinental  waters,  while  at  the 
time  the   continents  were   rendered  slightly  more   protuberant   by  lacing 

arched  or  warped  throughout  the  larger  part  of  their  areas,  and,  in  cer- 
mit(Hl  tracts,  accidented  by  sliiirp  folding  of  the  external  shell.  So  far  as 
t  e\ndences  go,  the  more  pronounced  arching  and  folding  was  felt  chiefly 

borders  of  the  continents  adjacent  to  the  north  Atlantic,  but  this  apparent 
Jon  may  be  due  to  the  imperfection  of  existing  knowledge.     Such  limita- 
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tion  is  not,  however,  out  of  harmony  with  what  is  known  of  other  great  defop- 
mative  movements,  for  in  these,  as  a  rule,  the  more  intense  foldings  seem  to 
have  been  concentrated  along  restricted  tracts. 

Some  of  the  dynamic  conceptions  involved  in  such  a  general  deformation 
have  been  previously  discussed  (Chapter  IX,  Vol.  I,  and  Chapter  II,  Vol.  II). 
In  special  application  here,  it  may  be  noted  that  during  the  Subcarboniferous 
and  Carboniferous  periods,  in  eastern  America  at  least,  a  stage  of  approximate 
base-level  seems  to  have  been  developed  over  some  considerable  portion  of  the 
territory,  as  shown  by  the  conj&guration  of  the  surface  upon  which  the  deposits 
of  these  periods  encroached,  and  there  is  reason  to  believe  that  this  condition 
was  a  rather  general  one.  So  far  as  can  be  judged  from  available  e\ndence, 
this  conception  may  be  extended  to  all  of  the  continents;  indeed,  this  concep- 
tion is  almost  necessarily  involved  in  the  wide  transgression  of  the  seas  of  these 
periods.  This  conception  involves  almost  necessarily,  as  its  essential  prerequi- 
site, the  further  conception  of  a  protracted  period  of  relative  quiescence,  for 
in  such  a  period  only  could  base-leveling  be  accomplished.  It  is  presumed 
that  during  this  period  of  quiescence,  the  energies  that  were  to  actuate  the  sub- 
sequent deformation  were  accumulating  stresses  preparatory  to  actual  moN'e- 
ment,  for,  in  so  far  as  loss  of  heat  was  one  of  the  agencies,  such  loss  must  have 
been  in  progress;  in  so  far  as  the  internal  transfer  of  heat  was  concerned,  it  also 
should  have  been  in  progress,  and  in  so  far  as  molecular  changes  were  involved, 
they  may  be  supposed  also  to  have  been  going  forward,  or  to  have  been  acquir- 
ing the  conditions  prerequisite  for  action.  It  is,  therefore,  conceived  that  dur- 
ing the  quiescent  stage,  stresses  were  progressively  accumulating  in  the  body 
of  the  earth,  but  that  they  only  reached  an  intensity  superior  to  the  earth's  resist- 
ance after  a  protracted  period.  When  at  length  they  surpassed  all  resistances, 
deformation  went  slowly  forward  until  the  stresses  were,  in  the  main,  relieved, 
and  the  earth  was  thus  prepared  to  relapse  into  another  stage  of  relative  quies- 
cence. Considerations  that  have  been  previously  presented  make  it  appear 
probable  that  a  large  portion  of  the  body  of  the  earth  was  invoh'ed  in  the  defor- 
mative  movement,  for,  among  other  reasons,  the  portion  of  the  crust  which 
was  folded  had  very  feeble  powers  of  resistance  and  cannot  reasonably  be  sup- 
posed to  have,  of  itself,  accumulated  stresses  of  the  magnitude  implied  by  the 
actual  deformation.  The  phenomena  seem  to  point  to  a  high  state  of  rigidity 
in  the  great  body  of  the  earth,  and  to  the  accumulation  of  very  widely  distributed 
stresses  which  were  feeble  at  every  point,  and  which  only  acquired  effective 
strength  by  their  ultimate  union  in  a  conmion  movement. 

The  essence  of  the  movement  may  be  assumed,  with  much  confidence,  to 
have  been  a  shrinkage  of  the  earth,  preferably  a  general  and  deep-seated  shrink- 
age, rather  than  a  purely  superficial  one.  The  shrinkage  in  the  sectors  beneath 
the  ocean  basins  is  presumed  to  have  been  slightly  greater  than  that  in  the  con- 
tinental sectors,  because  of  the  superior  specific  gravity  the  sub-oceanic  sectors 
are  assimied  to  have  acquired  from  their  ancestral  history,  and  because  of  their 
loading  by  the  ocean,  and  by  the  sediments  brought  do\ni  from  the  land  during 
the  previous  periods.    At  the  same  time,  the  removal  of  the  sedimentary  mate' 
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om  the  land  lightened  the  continental  sectors  and  tended  to  disturb  the 
«  between  them  and  the  oceanic  sectors.  The  superior  shrinkage  of  the 
c  sectors  thus  caused  was  probably  attended  by  some  crowding  upon  the 
r  continental  sectors  between  them,  which  appears  to  sufficiently  account 
e  slightly  increased  protuberance  of  the  continental  platforms,  together 
ihe  gentle  warpings  which  they  manifest,  while  the  increase  in  the  basin 
ty  resulting  from  the  subsidence  of  the  ocean  bottoms  accounts  for  the 
rawal  of  the  epicontinental  waters.  The  outer  shell  of  the  crust,  being 
md  not  imder  a  load  equal  to  its  rigidity,  appears  to  have  acconunodated 
to  the  shrinking  interior  by  lateral  shear  and  folding  concentrated  into 
,  instead  of  by  a  more  distributive  crumpling,  or  crushing.  In  this  lateral 
and  folding  is  found  the  explanation  of  the  post-Carboniferous  mountains  of 
n  North  America  and  western  Europe,  and  such  similar  foldings  as  may 
ps  have  taken  place  in  other  regions  at  this  time. 

//.  The  Immediate  Sequences  of  the  Deformation. 

:erference  with  circulation. — It  is  obvious  that  the  withdrawal  of  the  exten- 
heets  of  water  which  had  submerged  the  continents  to  the  extent  of  per- 
20,000,000  or  30,000,000  square  miles,  resulted  in  a  serious  restriction  of 
^eanic  circulation,  and  correspondingly  reduced  the  effects  which  such  a 
il  circulation  had  upon  the  climate  of  the  times.  These  effects  were  prob- 
profound.  The  surface  temperature  of  the  oceanic  waters  of  the  Mis- 
)ian  and  Carboniferous  periods  may,  without  any  pretension  to  accu- 
be  assumed  to  have  been  2.5°  C,  or  some  such  figure,  as  against  the  present 
The  submerged  remnants  of  the  continental  platforms,  while  they  must 
interfered  somewhat  with  the  general  oceanic  circulation,  probably  did 
►  far  interrupt  it  as  to  prevent  the  polar  regions  being  warmed  by  a  most 
ve  water-heating  system.  Xo  small  factor  in  this,  perhaps,  was  the  deep 
ition  of  the  ocean,  a  matter  of  vital  moment  in  all  climatic  studies. 

the  discussion  of  the  Pleistocene  glaciation  the  possibility  of  the  reversal 

deep-sea  circulation  by  means  of  a  change  in  the  relative  influence  of  the 
itration  of  salinity  by  evaporation  in  the  low  latitudes  on  the  one  hand,  and 
rcased  density  due  to  the  low  temperature  in  the  high  latitudes  on  the 

is  entertained  and  its  bearings  discussed. 

e  deep  oceanic  circulation  is  now  dominated  by  the  polar  temperatures, 
is  the  cold  waters  of  the  polar  regions  that,  descending  and  flowing  toward 
luator,  control  the  temperature  of  the  deep  sea.     This  is  now  low  because 

low  temperature  of  the  polar  regions;  but  if  the  circulation  of  the  Sub- 
liferous,  and  Carboniferous  periods,  whatever  its  nature,  kept  the  polar 
s  at  a  mild  temperature,  the  great  body  of  the  deep  sea  must  have  had 
ratures  correspondingly  higher,  and  the  water  must  have  had  so  much  the 
3pressing  influence  on  the  temperature  when  it  rose  to  the  surface.  This 
have  contributed  to  the  widespread  warmth  which  the  Subcarboniferous, 
-^rhaps  the   Carboniferous,   period  enjoyed.     The   mildness  of  the    polar 


THE  PERMIAN  PERIOD.  ^9 

climates  in  these  and  several  other  periods,  before  and  since,  is  one  of  the 
most  remarkable  climatic  features  of  geologic  history.  The  crucial  feature  is 
the  maintenance  of  a  mild  temperature  throughout  the  long  polar  night. 
Almost  the  only  approach  to  a  satisfactory  solution  seems  to  lie  in  a  warm 
oceanic  circulation,  blanketed  by  a  heat -retaining  atmosphere,  in  which  vapor 
of  water  and  carbon  dioxide,  abetted  by  a  prevalent  mantle  of  clouds  gen- 
erated by  the  warm  ocean,  conjoined  their  equalizing  and  conservative  in- 
fluences. 

The  transition  from  the  Subcarboniferous  to  the  Permian  involved  a  change 
from  an  effective  circulation  of  warm  water  to  an  interrupted  circulation  which 
limited  the  previous  equalizing  and  conservative  influences.  This  was  one 
step  toward  a  lowering  of  the  polar  temperatures,  which  perhaps  ultimately 
reached  the  amount  of  20°  C.  or  more,  and  toward  a  lowering  of  the  tempera- 
ture of  the  great  body. of  the  ocean  through  the  deep-sea  circulation  initiated 
and  controlled  by  the  polar  temperatures.  This  was  a  step  in  the  differentiation 
of  regional  temperatures,  and  this,  as  we  shall  proceed  to  note,  was  abetted  by 
several  other  agencies  arising  from  the  same  fundamental  source,  deformation. 

Topographic  sequences. — As  already  indicated,  the  deformation  resulted 
directly  in  a  pronounced  change  in  the  topography  of  the  continents,  in  that 
it  gave  marked  relief  to  the  portions  that  were  sharply  folded,  and  a  less  declared 
but  appreciable  relief  to  the  portions  that  were  bowed  upwards  more  gently. 
Both  resulted  in  an  increase  of  the  general  gradients  of  the  surface,  and  hence 
in  a  rejuvenation  of  the  streams.  The  increased  area  of  the  land  obviously 
increased  the  number  and  the  length  of  the  trunk  streams,  and  added  to  the 
volume  of  water  that  flowed  through  them,  qualified,  to  be  sure,  by  the  aridity 
that  followed.  An  inevitable  result  of  these  changes  was  a  more  rapid  removal 
of  the  residual  earth  that  had  doubtless  accumulated  during  the  previous  low- 
lying  stages,  and,  following  this  removal,  a  dissection  of  the  underl>nng  for- 
mations and  a  lowering  of  the  ground- water.  An  inevitable  attendant  of  these 
sequences  was  an  increased  contact  of  the  atmosphere  with  unleached  rocks,, 
combining  at  once  the  effects  of  the  increased  land  area,  the  removal  of  the 
residual  mantle,  the  dissection  of  the  surface,  and  the  lowering  of  the  ground- 
water.   The  increase  was  probably  several  fold. 

A  complementary  result  of  the  increase  of  the  land  was  obviously  a  reduc- 
tion of  the  oceanic  area  and,  particularly,  a  reduction  of  the  shallow-water  por- 
tion which  had  been  the  chief  habitat  of  the  limestone-forming  life.  From  an 
area  of  perhaps  20,000,000  or  30,000,000  square  miles  in  the  early  Carboniferous,, 
the  epicontinental  seas  were  probably  reduced  to  10,000,000  or  15,000,000  square 
miles  in  the  Permian,  perhaps  even  to  5,000,000  square  miles  at  the  extreme 
stage  of  the  Permian  emergence.  So  great  a  reduction  seriously  curtailed  the 
deposition  of  epicontinental  organic  beds,  and  markedly  increased  the  deposi- 
tion of  clastic  beds,  and  this  was  attended  by  other  consequences  now  to  be  noted. 
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carbon  dioxide  in  it  is  very  many  times  greater  than  the  carbon  dioxide  of  the 
present  atmosphere,  and  probably  several  times  as  great  as  the  carbon  dioxide 
of  the  atmosphere  and  the  ocean  combined.  The  calcium  monocarbonate  of 
the  present  ocean,  by  estimate,  would  make  a  stratum  of  limestone  about  i  foot 
thick  over  the  earth's  surface,  or  about  4  feet  over  one  half  the  present  land 
area.  The  "  loose  "  carbon  dioxide  united  with  this  calcium  monocarbonate 
to  form  bicarbonate,  together  with  all  the  free  carbon  dioxide  in  the  ocean,  might, 
by  liberal  estimate,  add  85%  to  this,  if  imited  with  calcium  to  form  limestone.  The 
Subcarboniferous  limestone  mounts  up  in  places  to  2500  feet  and  more  in  thick- 
ness, and  has  a  wide  distribution  on  the  land,  and  an  unknown  distribution  beneath 
the  sea.  Without  doubt  we  are  accustomed  to  overestimate  the  mass  of  such 
formations,  because  we  dwell  upon  their  maximum,  rather  than  their  average 
or  minimum  thicknesses,  and  upon  their  known  distribution  in  terms  of  our 
observational  standards,  rather  than  their  proportions  to  the  great  unknown 
area  of  the  globe;  but  yet  from  the  data  at  hand,  it  seems  inconsistent  to  assign 
the  Subcarboniferous  limestone  a  mass  that  is  not  much  greater  than  the  seven 
and  a  half  feet  for  an  area  equal  to  half  the  present  land,  which  is  all  that  the 
present  carbon  dioxide  of  air  and  ocean  could  produce,  if  so  converted.  If  we 
consider  what  a  possible  atmosphere  and  ocean  richer  in  carbon  dioxide  might 
do,  it  seems  idle  to  look  to  the  atmosphere  as  even  a  possibly  competent  reser- 
voir, consistently  with  the  life  that  existed;  for  the  carbon  dioxide  of  the  present 
atmosphere,  if  used  up  in  making  limestone, would  form  a  layer  of  about  one  thirtieth 
of  an  inch  thick  only,  over  the  globe.  To  form  a  layer  one  foot  thick  it  would 
have  to  be  increased  360  fold,  which  would  surely  imperil  active,  air-breathing 
life,  unless  it  were  different  from  similar  present  life. 

The  ocean  under  certain  conditions  has  much  greater  competency  to  hold 
carbon  dioxide,  and,  what  is  of  prime  importance,  to  hold  it  in  a  condition  harm- 
less to  anirnal  life.  The  carbonates  of  the  present  ocean,  reckoned  simply  as 
monocarbonates,  hold  about  30  times  the  carbon  dioxide  of  the  atmosphere. 
To  this  is  added  a  less  amount  in  "  loose  "  combination,  to  render  them  bicar- 
bonates,  and  an  additional  quantity  held  by  solution  simply.  Together,  these 
may  be  roundly  placed  at  25  times  that  of  the  present  atmosphere,  giving  in 
all  55  times  the  present  content  of  the  atmosphere.  These  are  merely  round 
figures,  roughly  approximate.  Present  data  do  not  permit  a  close  estimate 
of  the  "  loose  "  and  free  carbon  dioxide  of  the  ocean. 

The  present  ocean,  however,  is  not  saturated  in  calcium  bicarbonate,  for 
while  the  specific  gravity  of  the  sea  ranges  from  1.025  to  1.028,  calcium  car- 
bonate is  not  precipitated  appreciably  until  concentration  by  evaporation  reaches 
1.05,  according  to  the  careful  investigations  of  Usiglio.^  With  the  existing  tem- 
peratures, it  would  be  possible  for  the  ocean  to  carry  an  additional  amount  of 
carbon  dioxide  in  the  form  of  bicarbonates, — precisely  how  much  has  not  been 
experimentally  determined.  The  higher  temperature  of  the  Subcarboniferous 
ocean  would  have  been  adverse;  but  it  is  probable  that  considerably  more  than 
55  equivalents  of  the  present  atmospheric  carbon  dioxide  might  have  been  held 

»  Enc.  Brit.     Art.  Sea  Water,  p.  229. 
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ocean  if  it  were  as  nearly  saturated  as  was  possible,  and  that  withoi 

y  affecting  the  animal  life.     It  cannot  of  course  be  affirmed  that  tk 

case;   indeed  the  probabilities  are  against  it  for  reasons  that  will  see 

But,  to  make  the  most  of  this  resource,  let  it  be  supposed  that,  at  tl 

of  the   Mississippian   period,  the  ocean   contained,    by    virtue  of  ii 

tes,  60  to  80  equivalents  of  the  present  atmospheric  carbon  dioxid 

lis  would  fall  far  short  of  furnishing  all  the  carbon  dioxide  locked  u 

imestones  of  the  period.     It  would,  however,  make  a  large  contributio 

requisite  amount,  and  thereby  help  appreciably  to  solve  the  problen 

\  ii  he  assumed  that  the  carbonates  were  removed  from  the  ocean  in  U 

f  the  period  by  consumption  in  limestone  formation, 

d  this  have  taken  place?  The  conditions  for  the  extraction  of  calciui 
te  by  lime-secreting  organisms  were  especially  favorable.  The  ma 
eriod  (Fig.  228)  indicates  that,  aside  from  the  continental  shelves,  aboi 

0  square  miles  of  the  continental  area  of  North  America  were,  by  est: 
abmerged,  or  more  than  half  the  present  land  area  of  North  Americj 
icroachments  are  known  to  have  taken  place  on  other  continents,  and 
estimate  of  submergence  of  one  half  the  present  land  area  is  probabl; 
leighborhood  of  the  truth.  If  the  submerged  continental  area  for  tb 
J  placed  at  20,000,000  square  miles,  in  addition  to  the  10,000,000  of  tb 

1  now  submerged,  it  gives  a  vast  tract  of  water  peculiarly  suited  to  b 
itat  of  lime-secreting  life.  When  it  is  borne  in  mind  that  nearly  the  whol 
lecretion  of  lime  takes  place  in  the  upper  few  hundred  feet  of  the  sea 
•ugh  the  agency  of  pelagic  life  whose  habitat  would  be  10%  greater  thai 
d  (2)  by  cpicontiiiontal  life  whose  habitat  would  be  200%  greater  thai 
e  potentiality  of  the  geographic  change  may  be  realized.  It  is  furthe; 
)te(l  that  the  warm  t^ni|x»rature  of  the  times  not  only  favored  an  abun 
f  lim(»-.secr(^ting  life,  but  favored  the  process  of  lime-secretion  itself,  fo; 
erved  that  the  animals  of  the  warm  seas  secrete  more  lime,  on  the  aver 
in  the  same  types  in  cold  seas. 

he  other  hand,  it  is  to  Ixi  noted  that  the  supply  of  carbonates  fron 
1  area  was  reduced  in  proportion  as  the  sea  was  extended,  and  the 
at  remained  unsubnierged  was  probably  low,  and  had  previously 
ich  leached  during  the  base-leveling  processes.  Hence  the  land  waten 
ed  the  earth  but  feebly,  from  lack  of  head,  and  from  hindrance  bj 
[)  mantle  of  residuary  earth  that  presumably  covered  the  low  lands 

carbonation  and  leaching  of  the  lands  was  therefore  relatively  feeble, 
5  were  therefore  nmch  less  rapidly  supplied  with  calcium  carbonate  than 
Js  when  the  lands  were  broader  and  higher,  and  the  penetration  of  the 
^vaters  dee|x^r  and  more  active.  The  jxriod  therefore  presented  con- 
avorable  for  the  extraction  of  lime  from  the  ocean  waters,  and  unfavor- 
renewing  the  supply.     Under  these  conditions,  miless  there  be  offsetting 

not  now  recognized,  it  may  be  assumed  that  the  carbonates  of  the  sea 
idually  reduced. 
(*  the  chemical  relations  involved  are  very  complex  and  have  not  been 
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much  elucidated  by  direct  experimentation  as  yet,  and  while  the  reactions  are 
very  difficult  to  anticipate  theoretically,  it  seems  permissible,  in  the  present 
state  of  knowledge,  to  suppose  that  this  process  might  go  forward  until  the  car- 
bonates of  the  ocean  were  well  nigh  or  quite  exhausted.  Even  if  completely 
exhausted,  the  calcium  necessary  for  organic  hfe  could  probably  be  supplied 
by  the  calcium  sulphate,  which  is  roundly  ten  times  as  abundant  as  the  carbonate 
in  the  present  ocean.  Indeed,  it  has  sometimes  been  urged  that  it  is  the  cal- 
cium sulphate  that  is  actually  used  by  life,  instead  of  the  carbonate,  but  this 
does  not  appear  to  be  sufficiently  supported  by  experimental  determinations. 
If  calcium  sulphate  is  converted  by  organisms  into  the  calcium  carbonate  of 
their  shells,  skeletons,  etc.,  the  sulphuric  acid  set  free  probably  unites  with  the 
bases  of  the  carbonates  of  the  water — except  so  far  as  converted  into  sulphides 
and  deposited  as  such — and  sets  their  carbonic  acid  free,  so  that  the  ultimate 
result  of  the  reaction  is  much  the  same  whether  the  organisms  use  calcium  car- 
bonate directly  or  calcium  sulphate.  This  supposed  depletion  of  the  oceanic 
carbonates,  even  if  it  began  with  an  ocean  fully  saturated  by  them  and  ended 
with  complete  exhaustion,  would  only  help  to  solve  the  problem  of  the  supply 
of  carbon  dioxide  for  the  great  limestone  formations  of  the  period,  though  the 
help  would  seem  to  be  very  important.  But  the  depletion  of  the  ocean  con- 
tent was  probably  a  very  radical  feature  in  the  atmospheric  problem,  to  which 
this  discussion  is  preliminary. 

The  rest  of  the  solution  of  the  problem  of  an  adequate  source  for  the  carbon 
dioxide  of  theSubcarboniferous  limestones  is  probably  found  in  two  other  quarters. 
The  limestone  of  the  period  was  certainly  not  all  original,  in  the  sense  of  having 
been  formed  from  the  silicates  of  the  crystalline  rocks.  A  notable  part  of  it  was 
derived  from  the  exposed  portions  of  limestones  previously  formed.  A  comparison 
of  the  map  of  the  period  (Fig.  228)  with  the  maps  of  previous  periods  (Figs.  95, 
129,  174,  195,  etc.),  shows  that  not  a  little  of  the  exposed  land  was  formed  of 
the  older  Paleozoic  sediments,  among  which  limestones  were  a  notable  element. 
Probably  the  lime  in  the  previous  sediments  was  not  greater  per  unit  area,  on 
the  average,  than  in  the  crystalline  rocks,  since  the  sediments  were  derived  from 
the  crj'stalline  rocks.  It  was  perhaps  somewhat  less,  since  there  was  some  loss 
of  lime  to  the  ocean;  but  it  was  probably  more  readily  removed.  This  removal 
involved  the  combination  of  a  portion  of  the  free  carbon  dioxide  of  the  air  \i4th 
the  limestone  to  form  bicarbonate,  which  was  thus  dissolved  and  carried  down  to 
the  sea.  Thus  a  portion  of  the  carbon  dioxide  was  temporarily  locked  up,  but 
when  the  lime  was  secreted  by  the  sea  organisms,  this  second  equivalent  of  the 
carbon  dioxide  was  set  free,  and  was  subject  to  diffusion  into  the  atmosphere, 
where  it  was  available  for  a  repetition  of  the  process.  A  comparatively  limited 
amount  of  free  carbon  dioxide  might  thus  ser\'e,  in  time,  as  the  carrier  of  a 
large  amount  of  carbonate  from  the  land  to  the  sea.  It  is  difficult  to  esti- 
mate the  portion  of  the  Subcarboniferous  limestone  which  was  thus  derived 
from  previous  limestones,  and  the  portion  which  was  added  by  the  original 
carbonation  of  the  silicates  of  crystalline  rocks,  for  the  data  are  very  inade- 
quate. 
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remaining  source  of  carbon  dioxide  was  foimd  in  volcanic  emanations 
J  interior  of  the  earth,  and  in  the  unknown  supplies  that  came  from  cosmic 

he  foregoing  sources  combined  may  not  improbably  have  been  compe- 
furnish  not  only  the  carbon  dioxide  required  for  the  formation  of  the 
le,  but  also  for  such  other  carbonate  and  carbonaceous  deposits  as  took 
The  feature  of  most  note  is  the  function  assigned  to  the  carbonates 
x)n  dioxide  of  the  ocean,  which,  by  being  depleted  during  stages  of  great 
sgression,  meet  the  exceptional  demands  of  the   great   limestone  for- 

that  characterize  such  periods,  while  at  the  same  time,  as  the  result  of 
3y  leave  the  atmospheric-oceanic  supply  of  carbon  dioxide  in  a  critical 

reduction. 

part  played  by  coal-formation. — If  the  exceptional  carbonic  demands 
reat  Subcarboniferous  limestone  formation  be  met  thus,  in  jmrt,  by  deple- 
5  ocean  of  its  store  of  carbonates  and  carbon  dioxide,  the  close  of  the 
vould  have  found  this  resource  exhausted,  and  unavailable  for  meeting 
eptional  demands  during  the  following  period;  but  it  has  been  noted 
Te  was  an  extensive  ^^^thdrawal  of  the  sea,  in  America  at  least,  between 
)carboniferous  and   Carboniferous   periods.     Much  erosion   and    decom- 

must  have  taken  place  to  give  the  cherts  and  quartzose  material  of  the 
e  grit  and  equivalent  formations.  So  great  thicknesses  of  chert  as  occur 
i  points  imply  the  solution  of  much  limestone,  and  this  in  turn  implies 
pplies  of  calcium  carbonate  carried  to  the  ocean  during  the  erosion  inter- 
lile  the  mere  fact  that  the  oc^an  was  extensively  withdrawn,  and  lime- 
^  life  restricted,  implies  a  reduction  of  the  drafts  made  upon  its  calcium 
te  f(^r  limestone  formation.  To  make  this  reasoning  altogether  firm,  the 
ns  in  North  America  must,  of  course,  have  been  representative  of  the 
t  large.  In  the  aggregate,  this  is  fairly  warranted,  but  not  conclusively 
by  i)resent  evidence.  It  may,  however,  be  assumed  tentatively  that 
le  main  deposits  of  coal  and  lim(\stone  began  in  the  Carboniferous  period, 
in  had  Ix^come,  in  some  measure,  re-enriched  in  carbonates  and  loose 
dioxide.  During  that  period  there  were  considerable  limestone  deposits, 
these  were  not  equal  to  those  of  the  preceding  period;  and  there  were 
ge  accumulations  of  coal  and  other  carbonaceous  materials  which  made 
Irafts  on  the  supplies  of  carbon  dioxide.  Here  again,  the  data  for  a 
al  estimate  are  very  imixufect.  The  productive  coal  fields  of  this  age 
h  America  are  estimat(Ml  to  cover  205,000  square  miles.  North  America 
\'^  a))out  one  seventh  of  the  continental  surface  of  the  globe,  but  has  rela- 
lore  coal  of  this  age  than  other  continents.  For  a  rough  approximation, 
ile  may  l)e  ])ut  at  two  or  three  times  that  of  North  .Vmerica.  If  the  impure 
11(1  other  carbonaceous  matter  Ix'  included,  an  average  thickness  of  25 
^et  for  the  whole  area  may  he  assumed,  without  pretension  to  accuracy. 
'hon  dioxide  of  the  present  atmosphere,  if  reduced  to  pure  coal,  would 
layer  about  1  foot  thick  over  an  area  of  500.000  square  miles,  or  about 
s  thick  over  an  area  of  8(M),0()0  square  miles.     If  there  were  no  other 


THE  PERMIAN  PERIOD.  665 

demands  than  those  of  the  coal  deposits,  these  might  apparently  be  met  by  draw- 
ing on  the  stores  of  carbon  dioxide  in  the  air  and  ocean,  without  supposing  these 
supplies  to  have  been  very  unusual.  To  meet  the  concurrent  demand  of  lime- 
stone formation,  it  may  be  supposed  that  the  oceanic  supply  of  calcium  car- 
bonate was  again  greatly  reduced.  It  is  possible  that  the  volcanic  and  cosmic 
contributions  during  the  period  were  more  than  usual,  but  there  is  little  clear 
evidence  of  it.  Considerable  volcanic  activity  is  indicated  by  the  igneous  rock 
of  the  series  in  certain  regions,  but  it  is  not  extraordinary,  and  no  very  general 
prevalence  is  indicated.  The  more  probable  view  appears  to  be  that  the  car- 
bonates and  carbon  dioxide  of  the  ocean  were  again  reduced  to  a  low  state,  and 
that  this  was  the  condition  when  the  deformative  mo\'ements  brought  other 
powerful  agencies  into  action. 

The  enrichment  of  the  air  in  oxygen. — The  extraction  of  carbon  from  car- 
bon dioxide  to  form  coal  set  free  the  associated  two  equivalents  of  oxygen,  which 
contributed  to  the  enrichment  of  the  atmosphere  in  that  vital  element.  \Vhile 
some  oxidation  was  in  progress  during  the  period,  the  low  elevation  of  the  lands, 
and  their  limited  area  presented  conditions  less  favorable  than  usual  for  oxi- 
dation. The  presumption  is  therefore  that  ox>'gen  accumulated,  and  that  the 
Permian  period  inherited  from  the  Carboniferous  an  atmosphere  unusually  rich 
in  this  vital  constituent.  This  inference  appears  to  be  supported  by  the  excep- 
tional prevalence  of  highly  oxygenated  red  deposits  in  the  Permian  and  Triassic 
periods,  and  this  is  perhaps  their  sufficient  explanation,  when  taken  in  connec- 
tion with  the  climatic  conditions  of  those  periods. 

The  relations  of  equilibrium  between  the  carbon  dioxide  of  the  air  and  that 
of  the  ocean. — To  realize  how  it  is  possible  for  the  atmosphere  to  vary  in  its 
content  of  carbon  dioxide  through  only  such  moderate  ranges  as  were  compatible 
with  active  air-breathing  life  and  yet  be  the  medium  through  which  the  ocean 
yielded  such  large  amounts  of  carbon  dioxide  as  were  demanded  for  the  excep- 
tional limestone  and  coal  formations  (over  and  above  what  the  volcanos  and 
cosmic  sources  can  be  presumed  to  have  supplied  during  these  times  of  exceptional 
demand),  it  is  necessary  to  recognize  that  the  carbon  dioxide  of  the  atmosphere 
is  in  a  certain  kind  of  equilibrium  \rith  the  carbon  dioxide  of  the  ocean.  This 
relation  is  peculiar  and  intricate,  and  the  precise  conditions  and  ratios  of 
equilibrium  are  as  yet  but  imperfectly  determined.  It  involves  a  complex  series 
of  interactions  between  (1)  anhydrous  carbon  dioxide  (carbonic  anhydride, 
CO,),  (2)  carbonic  acid  (H2CO3),  (3)  calcium  and  other  bicarbonates  (Ca(HCO,),, 
etc.),  and  (4)  calcium  and  other  monocarbonates  CaCOa,  etc.).  In  the  air 
there  are  carbonic  anhydride  and  carbonic  acid,  and  in  the  ocean,  carbon  dioxide, 
carbonic  acid,  calcium  and  other  bicarbonates,  and  calcium  and  other  mono- 
carbonates.  Some  of  these  were  merelv  mixtures  whose  distribution  was  con- 
trolled  by  diffusion  and  mechanical  stirring.  Others  were  dissolved  and  held 
by  the  force  of  solution,  and  others  still  were  united  chemically  and  held  by 
chemical  forces  of  different  strengths.  For  the  present  purposes,  it  may  suffice 
to  note  that  a  reduction  of  the  carbon  dioxide  of  the  atmosphere  calls  forth  car- 
bon dioxide  from  the  ocean  to  make  up  part  of  the  loss,  and  bring  the  two  into 
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state  of  equilibrium.'  The  equalizing  supply  doubtless  comes  primai 
he  free  carbon  dioxide  or  carbonic  acid  of  the  ocean,  but  the  reduct 
these  thereby  suffer  causes  the  water  to  absorb  some  of  the  feebly  co 
carbon  dioxide  of  the  bicarbonates,  while  it  is  temporarily  dissociated,  tl 
ag  the  bicarbonates  to  monocarbonates.  In  the  case  of  calcium  carb 
is  tends  toward  precipitation  because  of  its  slight  solubility.  In  the  opin 
le  chemists,  this  process  may  go  so  far,  if  the  atmospheric  carbon  diox 
inually  removed,  as  to  call  forth  all  the  loose  carbon  dioxide  of  the  bic 
s  of  the  ocean,  and  reduce  them  to  monocarbonates,  the  calcium  moi 
ate  being  precipitated,  which  involves  the  proposition  that  all  the  bic 
s  of  the  ocean  are  held  there  practically  by  the  carbon  dioxide 
r.  Without  accepting  or  rejecting  this  extreme  proposition  until  expc 
have  gone  farther  and  become  more  consistent,  the  more  conservati 
ation  that  there  ic  an  interchange  in  the  direction  of  equilibrium  m 
Dgnized  as  an  important  working  factor. 

i  influence  of  the  rate  of  diffusion. — But  it  is  necessary  to  take  carel 
f  the  qualifying  conditions  and  retarding  agencies.  The  re-establishme 
:ate  of  equilibrium  after  it  has  been  disturbed  is  dependent  on  diffusi< 
I  mechanical  mixture.  If,  for  example,  the  air  were  robbed  of  one  h 
bon  dioxide,  the  ocean  having,  we  will  assume,  25  times  as  much,  eith 
pie  solution  or  in  loose  combination  as  the  second  equivalent  of  the  bica 
s,  and  remaining  perfectly  quiescent,  the  ocean  would,  by  theory,  ultimate 
p  enough  carbon  dioxide  to  make  good  about  f{  of  the  air's  loss,  and 
juilibrium  would  be  instituted.  To  reduce  the  carbon  dioxide  of  the  2 
If  permanently,  about  one  half  of  the  great  store  in  the  ocean  must  1 

18  important  conception  of  equilibrium  was  long  since  entertained  by  SchlcBsL 
imple  theoretical  application  to  the  existing  status  (Sur  la  Constance  de 
ion  d'acide  carbonique  dans  I'air,  Comp.  Rend.,  1880,  t.  90,  p.  1410),  ai 
,rded  the  ocean  as  a  regulating  reservoir,  so  to  speak,  restraining  the  fluctu 
f  the  carbon  dioxide  of  the  air.  This  was  a  very  valuable  contribution,  b 
lecular  application  to  geological  problems,  it  must  be  recognized  that  all  t' 
are  subject  to  change  and,  with  them,  the  basis  of  equilibrium  itself,  and  th 
ults  are  (qualified  by  rates  of  diffusion,  areas  of  contact,  temperatures,  ai 
ilements.  (See  The  influence  of  great  epochs  of  limestone  formation  < 
stitution  of  the  atmosphere,  Chamberlin,  Jour.  Geol.,  Vol.  VI,  pp.  609-621, 18S 
p  of  hypotheses  bearing  on  climatic  changes,  Jour.  Geol.,  Vol.  V,  pp.  653-68 

An  attempt  to  frame  a  working  hypothesis  of  the  cause  of  glacial  perio 
atmospheric  basis,  Jour.  Geol,  Vol.  VII,  pp.  545-584,  667-685,  757-787,  18S 
md  also  Tolman,  The  carbon  dioxide  of  the  ocean  and  its  relation  to  the  carb< 

of  the  atmosphere.  Jour.  Geol,  Vol  VII,  pp.  585-616,  1899.) 
gh  has  recently  made  valuable  contributions  to  Schlcesing's  conception,  b 
:  ade^iuate  recognition  of  the  qualifying  and  secular  factors  of  the  problei 
i  tension  of  carbonic  acid  in  natural  waters  and  especially  in  the  sea.  Vol.  XXA 
»p.  334-405,  Meddelelser  om  Gronland,  and  The  abnormal  COj-percentage 
in  Greenland  and  the  general  relations  between  atmospheric  and  oceanic  ca 
cid.     Idem,  pp.  409-436.) 
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removed,  as  well  as  half  of  that  in  the  air;  hence  the  slowness  of  permanent 
changes  in  the  carbon  dioxide  of  the  air.  But  this  theoretical  conclusion  is 
qualified  by  the  rates  of  diffusion  of  carbon  dioxide  in  sea-water.  The  rate  of 
this  diffusion  has  not  been  experimentally  determined,  but  supposing  it  to  be 
as  high  as  other  rates  of  diffusion  that  have  been  determined,  it  would  require 
millions  of  years  for  any  notable  percentage  of  the  above  restorative  action  to 
take  place,  and  the  completion,  or  even  closely  approximate  completion,  of  the 
whole  process  would  apparently  require  more  than  the  lapse  of  known  geologic 
history.*  This,  be  it  noted,  is  on  the  assumption  of  quiescent  waters  when 
diffusion  acts  alone. 

The  influence  of  agitation  and  circulation. — Agitation,  combined  with  diffu- 
sion, accelerates  the  process,  indeed,  its  efficiency  is  practically  dependent  on 
the  surface  agitation  and  on  the  circulation  of  the  ocean.  The  agitation  of  the 
ocean  is  quite  superficial,  and  the  more  conspicuous  part  of  its  circulation  is 
also  superficial.  Now  it  is  in  this  superficial,  sunlit  part  that  nearly  all  the  plants 
of  the  ocean  live,  feeding  upon  carbon  dioxide  and  setting  oxygen  free.  This  is 
partly,  but  not  wholly  offset,  by  the  animal  life  in  the  same  horizon,  for  observation 
shows  that  it  is  relatively  low  in  carbon  dioxide  and  high  in  oxj'gen.  It  is  this 
inherently  impoverished  layer,  especially  affected  by  organic  action,  that  is 
subject  to  agitation  in  contact  with  the  air.  This  layer  intervenes  between 
the  great  bodies  of  the  air  and  of  the  ocean  that  are  but  slightly  affected  by  local 
organic  action  and  between  which  the  chief  equilibrium  exchange  must  take 
place,  if  it  takes  place  at  all.  The  diffusion  which  directly  affects  the  body  of 
the  ocean  is  that  between  the  superficial  layer  impoverished  by  plant  action, 
and  the  great  mass  of  waters  below.  If  the  matter  were  pursued  into  detail, 
it  would  be  found  that  the  state  of  carbonation  of  the  superficial  part  of  the 
ocean,  and  its  interchange  of  carbon  dioxide  \vith  the  air  above  and  the  great 
body  of  the  ocean  below,  are  subject  to  much  variation  in  different  parts  and 
different  seasons;  but  upon  this  we  cannot  here  enter. 

That  portion  of  the  oceanic  circulation  which  is  most  concerned  in  the  car- 
bonic equilibration  of  the  air  and  ocean,  is  the  deep  circulation  which  now  is 
initiated  in  the  polar  regions  by  reason  of  their  low  temperature.  As  this  is  a 
function  of  temperature,  it  brings  us  to  the  second  qualification  of  the  tendency 
to  equilibrium. 

The  influence  of  temperature. — The  coefficient  of  absorption  of  carbon  dioxide 
in  sea-water  increases  rapidly  as  the  temperature  is  lowered,  the  rate  being 
doubled  for  nbout  21°  C,  lowering'  in  the  \ncinity of  0®  C.  At  present,  the  tem- 
perature of  sea-water,  in  passing  from  the  equatorial  regions,  where  it  rises 
from  the  depths,  in  the  abysmal  circulation,  to  the  polar  regions,  where  it  descends, 
experiences  a  reduction  of  several  degrees  more  than  21®  C,  and  hence,  if  the  air 
and  ocean  were  in  carbonic  equihbrium  at  the  equator,  they  would  be  far  out 

*  This  statement  is  based  on  a  mathematical  inspection  by  A.  C.  Lunn.  For  an 
analogous  application  of  the  rate  of  diffusion  to  lavas  see  Becker,  Am.  Jour.  Sci.  Ill, 
1897,  pp.  27-29. 

'  Krogh.  loc.  cit.  pp.  363-365. 
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lilibrium  in  the  polar  regions.  In  such  a  case,  in  passing  from  the  ( 
other,  the  surface  waters  must  be  absorbing  carbon  dioxide,  as  long  i 
ized  by  Dittmar  and  others.  Relative  to  the  average  state  of  equilibri 
e  whole  contact  surface,  whatever  that  may  be,  the  equatorial  port 
be  more  highly  charged,  other  things  being  equal,  and  the  polar  port 
ighly  charged.  If  the  average  state  at  the  surface  is  near  equilibrii 
luatorial  portion  is  probably  emitting  carbon  dioxide  and  the  polar  p 
bsorbing  it.  This  is  probably  the  actual  condition  now  and  perhaps  ] 
;enerally  in  those  geologic  ages  in  which  the  climatic  states  were  similar 
of  the  present.  It  may  be  accepted  as  a  general  proposition  that, 
urse  of  the  abysmal  circulation,  essentially  all  oceanic  waters  pass  throi 
►sorbing  stage  in  the  polar  regions  and  the  emission  stage  in  the  equatoi 
s,  and  that  the  adjustments  of  equilibrium  for  the  great  nmss  of  the  oc€ 
pendent  on  this  slow  circulation,  whose  period  may  equal  a  glacial  epo 
imating  it,  the  more  active  wind-actuated  circulation  of  the  surface  mi 
mtly  be  set  aside,  in  the  main,  as  having  little  to  do  with  the  abysr 
ition.  It  has  recently  been  shown  in  the  investigation  of  small  lak 
depths  rarely  reach  200  feet,  that  the  wind-driven  circulation  has  lit 
on  the  basal  waters,  but  develops  a  surprisingly  shallow  superficial  zc 
own.  The  waters  below  this  are  sometimes  so  far  unaerated,  or  so  charg 
loxious  gases,  as  to  be  offensive  and  inhospitable  to  Ufe.*  The  tempei 
)f  the  deeper  waters  of  lakes,  however,  show  that  there  is  a  seasonal  descc 
i  waters  analogous  to  the  abysmal  circulation  of  the  ocean,  but  essentia 
?ndcnt  of  the  eolian  circulation.  (For  the  hypothetical  reversal  of  circulati( 
\.  432-446,  Vol.  III.)  The  discussion  here  will  proceed  on  the  supfX)siti 
lie  present  deep-sea  circulation  was  persistent. 

e  influence  of  secular  temperature  changes. — If  the  {X)lar  temperatures 
ild  stage  previous  to  the  Permian  period  averaged  about  20°  C,  as  t 
ems  to  imply,  the  abysmal  waters  would  become  carbonated  on  the  ba 
ir  absorption  at  20°  C.  If,  other  conditions  remaining  the  same,  the  po 
rature  at  the  time  of  the  Permian  glaciation  was  reduced  somewhat  bel 
eseiit  temperature,  the  basis  of  equilibrium  must  have  shifted  to  absorpti 
J.  to  —4°  C\,  or  to  an  absorption  ratio  about  double  its  previous  one. 
g  the  adjustment  to  the  new  basis  of  equilibrium,  eorresiX)nding  dra 
?  atmospheric  carbon  dioxide  are  to  be  inferred.  It  follows  from  th< 
erations  that  at  a  time  when  the  polar  temperatures  were  being  lowen 
he  basis  oj  equilibrium  was  IxMng  changed  adversely  to  the  atmosphe 
it  of  carbon  dioxide,  the  latter  was  ill  conditioned  for  meeting  exeeptioi 
ids  made  upon  it  from  other  sources. 

li(>n  this  critical  state,  arising  from  the  very  conditions  of  equilibrium  itsc 
en  in  connection  with  the  depleted  state  of  the  oceanic  carbon  dioxic 
r  from  previous  exceptional  extraction  to  form  coal  and  limestone,  it  v 
)arent  that  the  Permian  deformation  was  liable  to  produce  unusual  effec 

^  E.  A.  Birge,  Wis.  (Icol.  and  Xat.  Hist.  Surw 
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With  these  conditioning  influences  and  liabilities  in  mind,  we  may  resume  the 
sequences  of  the  Permian  deformation. 

1.  Interruption  of  the  water-heating  system. — The  first  effect,  as  already 
noted,  must  have  been  a  serious  interruption  of  the  free  polar  circulation  that 
had  previously  prevailed,  and  which  has  long  been  confidently  regarded  as  one 
of  the  greatest  of  the  agencies  that  maintained  the  previous  mild  temperature 
in  those  regions.  In  the  Southern  Hemisphere,  the  distribution  of  life  furnishes 
special  reasons  for  beheving  that  the  land  was  appreciably  more  extensive,  and 
more  completely  connected,  than  it  is  at  the  present  day,  and  geologists,  quite 
without  reference  to  any  climatic  effects,  have  postulated  such  connections. 
A  migrating  tract  for  land  faunas  and  floras  between  India,  Australia,  South 
Africa,  and  South  America  seems  to  be  requisite,  and  even  if  this  were  supplied 
in  the  most  conservative  way,  it  must  have  seriously  interrupted  the  high-lati- 
tude circulation  of  that  hemisphere.  The  constraint  of  the  oceanic  circulation 
in  both  hemispheres  must  have  greatly  reduced  the  temperature  of  the  polar 
regions.  This  quite  certainly  led  to  greater  differences  of  temperature  between 
the  air  columns  of  different  latitudes,  and  this  must  have  intensified  the  vertical 
circulation  of  the  atmosphere,  and  accelerated  the  loss  of  heat  from  the  surface. 

2.  Extension  of  continental  climates. — A  second  effect  of  the  increase  of  the 
land  areas  was  an  increase  of  the  continental  elements  of  the  climates,  and  a 
strengthening  of  the  atmospheric  circulation  between  land  and  sea.  This  fur- 
ther intensified  the  vertical  circulation  and  accelerated  the  loss  of  surface  heat. 
The  mountains  and  other  reliefs  introduced  by  the  deformation  still  further 
aided  in  checking  horizontal  circulation  and  intensifying  vertical  circulation. 

3.  Reduction  of  humidity. — A  third  effect  was  a  reduction  of  the  average 
moisture  of  the  atmosphere.  This  is  not  only  a  firm  theoretical  deduction  from 
the  increase  of  the  land  area  and  the  reduction  of  the  water  area,  but  is  deposition- 
ally  indicated,  by  the  remarkable  prevalonc^e  of  salt  and  gypsum  deposits  and 
of  red  beds.  There  is  no  question  that  the  vapor  of  water  plaj's  a  large  part 
in  the  retention  of  the  heat  radiated  from  the  earth,  and  so  acts  as  a  thermal 
blanket,  and  hence  the  reduction  of  this  blanket  led  to  less  retention  of  the  solar 
heat,  and  hence  to  a  lower  temperature.  As  this  was  truer  of  the  land  areas 
than  of  the  oceanic,  the  climate  must  have  been  differentiated  geographic- 
ally into  intensities  of  dryness  and  humidity,  and  of  heat  and  cold.  These 
must  further  have  involved  an  increase  of  convective  currents,  and  hence  an 
additional  loss  of  heat. 

4.  Depletion  of  the   heat-absorbing  constituents  of   the  atmosphere. — A  fourth 

effect  is  assigned  to  a  change  in  the  constitution  of  the  atmosphere  affecting 
especially  its  heat-absorbing  const  it  utents.  The  reduction  of  moisture  was  a 
part  of  this  change,  but  reference  is  here  made  to  the  more  permanent  constituents, 
particularly  carbon  dioxide.  The  increased  area  of  the  land,  and  its  increased 
elevation,  gave  increased  contact  between  the  atmosphere  and  the  rocks  of  the 
earth  susceptible  of  carbonation  and  oxidation,  as  already  indicated.  As  a 
result,  the  atmosphere  lost  carbon  dioxide  and  oxygen  at  a  more  rapid  rate 
than  in  the  previous  period.     Oxygen  plays  some  part  in  the  thermal  blanketing 
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\  earth,  but  any  change  it  is  likely  to  have  undergone  was  probably 
ently  large  to  make  it  needful  to  dwell  upon  it  here.  But  if  the  carl 
le  in  the  air  and  in  the  ocean  was  in  the  critical  state  of  reduction  we  h 
id  from  previous  losses,  and  was  being  absorbed  by  the  ocean  on  acco 
:  cooling  experienced  from  the  above  changes  of  condition,  the  accelera 
lation  induced  by  the  deformation  may  well  have  made  serious  inra 
it.  It  is  accordingly  inferred  that  its  quantity  was  reduced  apprecial 
lat  the  earth  was  thereby  deprived  of  some  large  part  of  the  thermal  blanli 
hich  it  had  previously  eflfected. 

e  vicarious  action  of  carbon  dioxide. — Before   considering  the  amount 

eduction,  let  it  be  noted  that,  in  so  far  as  it  reduced  the  temperature,  ii 

the  moisture  in  the  atmosphere^  for  this  is  immediately  dependent  U| 

rature,  and  any  agency  which  reduces  the  temperature  reduces  the  moisti 

ence  reduces  the  thermal  effects  due  to  moisture.     Probably  this  second 

of  a  loss  of  carbon  dioxide  is  greater  than  its  primary  effect.     To  real 

t  is  important  to  recognize  the  fundamental  difference  between  the  re 

permanent  constituents  of  the  atmosphere,  such  as  nitrogen  and  oxyg 

Lich  an  exceedingly  dependent  and  fluctuating  one  as  the  vapor  of  wat 

mperature  effect  arising  from  moisture  seriously  affects  the  amount 

n,  nitrogen,  or  carbon  dioxide  in  the  air,  while  any  reduction  of  these  wh 

es  reduction  of  temperature,  effectually  reduces  the  water- vapor.     Wl 

jction    of   temperature  does  not  immediately  reduce  the  carbon  dioxi 

Is  indirectly  to  its  absorption  in  the  ocean,  and  so  a  reduction  of  eitl 

1  dioxide  or  water- vapor  reduces  the  other,  and  their  mutual  react 

ifics   tlioir   common    temixTature   effect.     Saturation   being  assumed,   i 

tical  amount  of  water  varies  ^^^th  the  temperature,  but  unequally. 

cinity  of  0°  C,  the  amount  of  vapor  varies  roughly  about  7%  for  ev( 

(Vntigradc,  whon  computed  from  one  degree  to  another,  or,  round 

ipor  is  about  doubled  or  halved  for  every  temjxirature  change  of  10° 

e  amount  of  vapor  in  the  air  at  —30°  C,  when  completely  saturated,  ab< 

;  the  normal  amount  of  carbon  dioxide  in  the  air.     The  air  is,  howe\ 

saturated  ^\'ith  moisture.     While,  therefore,  the  amount  of  va{X)r  in  i 

on  the  whole,  much  greater  than  the  carbon  dioxide,  there  are  consid 

ligh-latitude  areas  at  the  ground  surface,  in  addition  to  the  whole  up 

in  which  the  carbon  dioxide  exceeds  the  vapor  of  water. 

e  thermal  functions   of  the  atmospheric  constituents. — Although   not  a  lit 

mental    work   has   been    done    on    the    competency   of    the   atmosphc 

to  absorb  heat,  it  has  not  furnished  an  adequate  basis  for  the  satisf 

liscussion  of  their  relative  serviceability  in  maintaining  the  temperati 

earth's  surface.     In  part  this  has  been  due  to  the  great  difficulties  of  ac 

determining  the  absorbent  effects  of  the  chief   thermal  rays,  which  hi 

vave-lengths  (.4/i  to  30//)  and  are  invisible.     These  long  wave-lengths  ; 

or  exact  data,  sec  Landolt  and  Bornsteni's  Physikalisch-Chemische  Tabell 
ms'  Physico-Chemical  Tables. 
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almost  the  only  ones  that  are  radiated  from  the  earth  at  its  ordinary  tempera- 
tures, and  it  is  the  retention  of  these  upon  which  the  surface  temperature  of 
the  earth  chiefly  depends.  It  is  only  by  the  masterly  work  of  Langley  and  others, 
that  instrumental  devices  have  been  invented  capable  of  exploring  the  lower 
end  of  the  spectrum  which  is  formed  of  these  rays,  and  even  these  devices  have 
not  yet  reached  a  sufficient  degree  of  refinement  to  completely  separate  the  indi- 
vidual effects  of  the  gases.  There  is  a  further  difficulty  in  the  feebleness  of  the 
rays  emanating  from  bodies  at  the  temperature  of  the  earth's  surface.  Higher 
temperatures,  as  that  of  boiling  water,  have  therefore  usually  been  emploj'ed 
in  experiments;  but  as  the  proportion  of  short  wave-lengths  increases  with  the 
temperature,  most  of  the  experiments  are  not  directly  applicable  to  the  prob- 
lem in  hand,  and,  besides,  the  results  are  not  very  consistent  at  best.*  It  is 
known  that  the  same  amount  of  moisture  absorbs  more  radiation  when  near 
saturation  than  when  much  below  it,  which  is  perhaps  due  to  a  larger  propor- 
tion of  carbonic  acid  (H^COa)  in  proportion  to  carbonic  anhydride  and  water- 
vapor  (COj  +  HjO).  The  thermal  efficiency  of  carbonic  acid  proper  (HjCO,) 
has  not  been  determined.  For  the  present  it  is  therefore  necessary  to  accept 
rude  approximations  only. 

Two  modes  of  absorption  of  radiation  are  recognized,  general  and  selecti\'e. 
When  a  molecule  takes  up  those  vibrations  which  it  itself  gives  forth,  when 
agitated,  the  absorption  is  selective.  Gas  composed  of  a  single  kind  of  mole- 
cules takes  up  the  vibrations  proper  to  it,  as  the  string  of  a  musical  instrument 
takes  up  and  reproduces  the  vibrations  to  which  it  is  attuned.  Other  vibra- 
tions, for  the  greater  part,  pass  through  it  ^\^thout  interferenw,  but  not  wholly 
so.  In  partial  and  irregular  wa>'s,  not  fully  understood,  some  parts  of  the  vibra- 
tions of  other  lengths  are  absorbed.  Tliis  incidental  or  irregular  action  con- 
stitutes general  absorption.  The  nitrogen  of  the  air  does  not  absorb  selectively 
much  of  the  radiation  of  the  sun  or  of  the  earth's  surface,  both  of  which  pass, 
through  it  with  little  modification,  but  not  wholly  without  general  absorption. 
Oxygen  absorbs  a  larger  number  of  known  wave-lengths  in  the  visible  spectrum, 
but  the  amount  of  heat  energy  involved  is  not  very  large.  Oxygen  does  not 
appear  to  absorb  the  long  wave-lengths  of  the  heat  radiated  from  the  earth  to 
any  notable  extent.  Carbon  dioxide,  on  the  other  hand,  absorbs  certain  bands 
of  long  wave-length  rays  whose  energy  is  large.  Arrhenius  has  lately  deter- 
mined experimentally  the  absorptive  capacity  of  carbon  dioxide  for  rays  emitted 
by  a  body  at  15®  C,  about  the  average  temperature  of  the  earth's  surface,  as 
follows:' 

Amount  of  absorption 1%  2%  5%  10%  15%  20%  25%  30% 

Amount  of  CO,  traversed  in  cm.  (at 

15**  C.  and  760  nun.  air  pressure) .. .    0.6   1.3     5    20.7    60      142    300    580 

*  Paschen,  Wied.  Annalen,  Vol.  LIII,  1894;  Angstrom,  Ann.  Phys.  u.  Chem.  3, 
1900;  Rubens  and  Aschkinass,  Ann.  Phys.  u.  Chem.,  64,1898;  Arrhenius,  Kosmische 
Physik.  II,  1903. 

'  Kosmische  Physik,  II,  p.  503.     1903. 
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ese  results  are  subject  to  some  qualification  because  certain  of  the  exp 
1  conditions  differed  somewhat  from  those  of  the  atmosphere,  but  tl 
to  be  the  nearest  approach  to  natural  conditions  yet  attained  in  exp 
tion.  From  the  results,  Arrhenius  estimates  that  about  28%  of  the  earl 
ion  is  absorbed  (oblique  transmission  included),  and  that  the  carbon  dies 
atmosphere  influences  the  earth's  temperature  to  the  extent  of  14.5* 
•om  has  estimated  the  absorption  of  carbon  dioxide  as  at  best  only  li 
earth's  radiation.*  From  the  percentage  curves  of  Rubens  and  Aschkim 
i  to  an  energy  curve  determined  by  Angstrom,  we  deduce  about  8%  abso 
y  carbon  dioxide,*  but  the  deduction  is  subject  to  several  rather  seri< 
s  of  probable  error. 

)ra  Angstrom's  experiments,  the  following  absorption  values  have  h 
id  '  for  water- vapor: 

nt  of  absorption 5%  10%  15%  20%  2^ 

nt  of  vapor  traversed  (measured  as  water  in  cm.)     0.3   0.85   2.1     4.2      6 

Ang  to  the  differences  of  temperature,  of  the  quantities  used,  of  the  degr 
npression,  and  of  other  conditions  involved  in  the  experiments,  on  i 
md,  and  to  the  lack  of  adequate  data  as  to  the  average  amount  and  ( 
ion  of  moisture  in  the  air,  on  the  other,  it  is  impracticable  at  present 
?  the  relative  values  of   the  thermal  absorption  of  the  water-vapor  s 

carbon  dioxide  of  the  present  atmosphere,  respectively,  but  it  seems  cl 
be  efficiency  of  the  vapor  is  several  times  that  of  the  dioxide. 
e  time  of  retention. — There  is  a  defect  in  all    the    experimental  work 
t    (l(H's  not  show  the  secondary  or  retentional  effects  of  added  quantil 

pis(\s.  If  a  given  quantity  of  gas  absorbs  90%  of  all  the  radiation  wh 
ras  can  absorb  by  selective  action,  the  addition  of  a  second  quantity 
amount  could  only  selectively  absorb,  at  first  handj  its  proper  proport: 

10^(  that  had  oscajx^d  previous  absorption,  but  it  would  absorb  secondar 
adiatcd  from  the  previously  absorbed  90%,  and  delay  its  escape,  as  v 
late  a  portion  of  it  back  toward  its  source.  It  is  not  the  simple  absorpt 
it  that  determines  the  climatic  effect,  but  the  time  of  its  retention,  or^ 

words,  the  number  of  secondary  absorptions  and  radiations.  A  gii 
ity  of  vibratory  energy  retained  ten  seconds  \>'ithin  the  basal  strat 

air  by  a  series  of  re-absorptions  and  re-radiations,  is  as  effective,  climai 
s  ten  times  the  amount  retained  one  second.  While  increase  in  the  amoi 
as  does  not  proportionately  increase  the  percentage  of  primary  absorpt 
)  vibrations  of  its  appropriate  wave-lengths,  it  increases  about  prop 
(?lv  the  number  of  times  thcsL^  are  absorbed  and  re-radiated  before  tl 

escape. 

1  Ann.  Phys.  u.  Chem.,  1900,  p.  324. 
'Ann.  Phys.  u.  Chem.,  1898,  p.  598. 
'  Kosmische  Physik,  II,  p.  505. 
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Prinuuy  iniipfrnimrn  m  setedivc  actioo. — It  is  impnit»nt  to  nrttK*  iKai  in 
selective  action  each  ^as  iA^mrbs  Us  ^tnm  wafft-lfnglksiy  ^mi  i^Hnit  fm^^  X<t  lttAl> 
ter  what  its  quantit j  or  its  relatiTe  competency,  it  cannot  A>  iKc  5it*lr<tw  >Pivtk 
cf  another  gas.  Tliis  is  not  experimentaUy  demonstmhle  in  the  diirk  ;fi|v<tniiii^ 
from  lack  of  sufficiently  lefined  means  of  analysis,  but  in  the  vt$«l4ir'  j^{v<imm 
the  absorption  lines  of  each  substance  differ  frc«n  thosr  of  all  other  $ul«44imv^ 
so  far  as  perfect  determinations  can  be  made,  and  then^  is  no  nrcuioiviil^ir'  |{Vx>und 
to  doubt  that  this  holds  true  in  the  dark  spectrum  also.  Wlicnc  Ivunb  a|>|^cAr 
to  overlap,  they  are  to  be  interpreted  as  intenningled  |nt>U|it!%  of  lino^  \^i\ich  arv 
individually  distinct.  It  is  an  error,  therefore,  to  sup|iose,  as  *^n*t*  ?*rvw  \is 
have  done,  that  any  amount  of  water- vapor  can  repbce,  or  intorfi^re  with,  llw> 
absorption  by  carbon  dioxide.  Of  the  vibrations  of  various  waw-loivJUh^^  jv^nt 
forth  by  the  earth,  a  certain  set  are  absorbed  by  the  molecuK^s  of  W5Hor»  a  «vr- 
tain  other  set  by  the  molecules  of  carbon  dioxide,  si>mc  few  others  by  tln^  oiln^r 
gases,  and  the  rest  escape,  except  as  caught  by  dust,  ck>uds,  f^eneml  Al>!^>rpnon, 
etc.  This  relates  to  primary  action,  and  to  a  certain  |n>rtion  of  iho  «^Of>ntlary 
action. 

After  a  molecule  of  carbon  dioxide  has  absorbed  its  apjvi>ju'iato  radintitm, 
and  increased  its  vibratory  energy  correspondingly,  it  radiates  >\'a>v-lon|;ttlMi 
of  its  own  kind,  which  can  be  taken  up  by  other  mok^culos  of  oarU>n  dio\ttio» 
but  not  by  the  molecules  of  other  gases.  The  numUT  of  re-Al>m>rptiohii 
and  re-radiations  of  such  wa\'e-lengtha  is  de|x»ndent  ujn>n  the  nuinlier  of 
dioxide  molecules  that  lie  in  the  paths  of  such  re-radiations,  which  an*  in  nil 
directions,  some  being,  of  course,  back  towTird  the  earth,  or  hitornlly,  whort* 
they  will  be  re-absorbed  in  adjacent  parts  of  the  ntmf>sphon\  The  wUH* 
is  true,  of  course,  of  all  the  other  molecules  relatiw  io  vibrations  nf  tlii»lr 
own  wave-lengths.  Thus  there  is  measurably  |x»rixHuatoil  indo|)enflontv  of 
action. 

Thermal  transference  by  molecular  contact — While,  howvwr,  the  prrrfMlitifC 
action  is  in  progress,  each  molecule  is  colliding  witli  its  neighlxir  molecules  nmny 
million  times  per  second,  and  communicates  some  of  its  hent  energy  l»y  sueli 
contact.  The  molecules  thus  heated  radiate  wavT-lengths  of  their  own  ortler, 
and  these  may  be  absorbed  by  molecules  of  the  sanie  kind.  Thus  vlbrntiotm 
may  be  transformed  so  as  to  be  absorbed  by  all  the  constituents  of  the  iilr  in 
succession,  and  their  retention  within  the  air  U*  gn^atly  pnilongiMJ,  U*cnuse  of 
the  great  mass  of  some  of  these  constituents. 

The  critical  point  is  obviously  the  first  a!)sorption  tlmt  starts  tin*  trntisfer 
by  impact.  If  there  is  no  constitU(»nt  to  take  up  the  vil)riition  from  the  viUvr, 
it  escapes,  but  if  u.  is  once  taken  up  by  a  molecule*,  it  tuny  Ik*  transferred  n  mul- 
titude of  times  before  it  escapes. 

Just  what  is  the  measure  of  the  efficiency  of  carlion  dioxide  In  conlriliulinK 
to  the  temperature  of  the  earth  is  nr)t  yet  deU*nnined,  and  mt  i\w  tui\wtUH*n  ttl 
changes  in  its  amount  on  the  cjimati*  nn*  as  yet  undeti'miinalil**,  but  as  on*'  iff 
the  factors  in  the  complirx  of  ogenrii'S,  it  sii'Uis  to  recjuire  a  iilai**'  in  our  wr;rkinK 
hj^pc  theses. 
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:al  thermal  efficiency  of  the  atmosphere. — It  seems  worth  while  in  thu 
^ion  to  try  to  estimate  the  total  agency  of  the  atmosphere  in  preservini 
tnperature  of  the  globe.  The  earth  and  moon  are  at  practically  the  sain 
distance  from  the  sun,  and  would  doubtless  have  practically  the  same  tem 
re  if  the  earth  had  no  atmosphere  or  ocean.  (The  ocean  is  theoreticall; 
rative  from  the  atmosphere.)  If  the  present  mean  temperature  of  the  earth' 
3  be  taken  at  15®  C,  the  absolute  temperature  is  —288°  C.  As  the  resu] 
ecent  elaborate  study,  Very  estimates  the  temperature  of  the  moon  a 
Iday  to  be  97®  C*  Several  other  astronomers  have  thought  that  the  moon' 
y  temperature  did  not  rise  much  above  the  freezing-point.  The  rang 
ipetent  opinions  may  then  be  limited  by  the  boiling-  and  freezing-point 
-nd  273°  absolute.  It  is  agreed  by  all  that  the  lowest  night  temperatur 
b  be  far  from  absolute  zero.  Allowing  this,  however,  to  be  55°  absolute 
^erage  temperature  of  the  moon  on  the  higher  estimate  is  214°  and,  o 
wer,  164°  absolute.  The  difference  between  these,  respectively,  and  th 
temperature  of  the  earth,  288°,  is  74°  and  124°,  of  which  the  mean  is  99* 
there  is  a  rather  large  element  of  uncertainty  in  the  estimates  of  the  moon' 
rature,  their  mean  gives  countenance  to  the  belief  that  the  efficiency  c 
Lrth's  atmosphere,  as  a  thermal  blanket,  may  be  in  the  neighborhood  c 


'. 


the  mean  temperature  of  the  earth  in  the  Carboniferous  period  be  place 
C,  it  will  doubtless  be  about  high  enough,  for  that  is  a  tropical  tempen 
md  if  the  mean  temperature  of  the  glacial  stages  of  the  Permian  be  place 
*  C,  this  \vill  perhaps  be  low  enough.  The  range  between  these,  15°  C 
,  on  the  basis  above  deduced,  make  the  change  from  the  one  to  the  othe 
15%  of  the  total  efficiency  of  the  atmosphere.  When  allowance  is  mad 
2  effects  of  increased  vertical  circulation,  it  does  not  seem  that  it  is  taxin 
signed  changes  in  the  water- vapor  and  carbon  dioxide  too  severely  to  mak 
responsible  for  the  remaining  ix)rtion  of  the  15%  of  the  whole  therms 
•tency  of  the  atmosphere. 

/r.  The  Localization  of  the  Glaciation. 
G  remarkable  distribution  of  the  Permian  glaciation  is  the  most  puzzlin 
e  of  the  whole  problem.  The  localization  of  the  recent  Pleistocene  gk 
1  was  also  [x^'uliar,  as  will  be  seen,  but  still  it  was  measurably  circum 
as  we  should  exjx^ct  any  general  glaciation  to  be.  Among  the  explana 
)fTered  for  this  later  puzzle  is  one  which  connects  it  with  the  areas  of  pei 
t  low  atmospheric  pressure  in  the  North  Atlantic  and  North  Pacific  regions 
i(;h  the  present  glaciations  of  Greenland  and  ^Vlaska  are  located,  and  t 
they  apparently  owe  their  exceptional  development. 

itative   conception   of  the    "  fixed   lows "   and  their   relations   to  glaciation.- 
ause  of  the  prevailing  low  pressure  and  permiinent  cyclonic  character  c 

robablc  range  of  the  temperature  of   the  moon,  Astrophys.  Jour.,  VIII,  189^ 
See  also  the  temperature  of  the  moon,  S.  P.  Langley,  assisted  by  F.  W.  Vei^ 
icsid.  Sci.,  I. 
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these  areas  is  yet  to  be  demonstrated,  but  one  of  the  I'onci^ptkuxs  v>j  (heir  \jy« 
namics  that  seems  to  be  warranted  at  present,  set'ms  als«)  to  U«  hi'l(4tul  m  o-\(4&uk- 
ing  peculiarly  localised  glaciation.  In  this  conivption,  uii'ohauu^Hl  aikI  vt^(,K>r^ 
ous  energy  are  assigned  a  controlling  value  in  determining  the  s|vcul  v\u\ti^ura* 
tion  of  the  air  movements,  while  thermal  energy  is  |>lai\Hl  in  thi^  hftds^rv^unvl 
in  a  double  sense.  It  is,  of  course,  recognizetl  that,  at  l)ottom«  the  ohi^^f  i^^^iwv 
in  atmospheric  circulation  b  unequal  heating.  Unequal  distrihuikui  \^f  ukuniuix^ 
is  also  an  original  agency,  since  the  superior  kinetic  energy  of  va)H^r.  ix^Uiiv^'  lo 
its  weight,  renders  the  air  column  of  which  it  forms  a  }uirt  lighior  llu«u  it  t\4'Ul^^i 
of  dry  air,  other  things  being  equal.  This  amounts  U\  an  api^^viul^'  iViSvucv, 
WTiile  the  amount  of  its  eflfect  is  dependent  «in  tht»  alist^lute  sitnouui  v»t  nh^xU' 
present,  its  operative  efficiency  is  deixMuleiit  «>n  the  ditTi»n»iuv  iu  Un  iU^iUubuw 
in  the  different  parts  of  the  atmospheric  provinci*.  pn^Ls^'ly  as  \\\  \W  van*  \»4[ 
heat.  Starting  from  one  or  the  other  of  tlieiH*  original  Miunt's,  ov  luuu  ;\  v>»^x\ 
bination  of  the  two,  circulation  is  inaugurated ;  but,  when  oni>'  uu\K'i  \\a\,  uuuv 
secondary  factors  of  a  mechanical,  rather  than  thermal  or  va|KHA»u>  luuuiVt 
are  developed,  and  these  appear  to  greatly  inlluenee  the  .sjH'rial  a>nn^uum\uv 
which  the  air  movements  and  even  air  pn»s8un»s  actually  aNNUiue  S»n^e  \»l 
these  mechanical  factors  are  closely  derivative  from  the  ttn^nud  lheu\ul  \^v 
vaporous  energies,  as  the  exceptional  violence*  of  titpmlls,  iorna\l\Hv>,  et\..  wh^k* 
some  spring  from  the  modifying  effects  of  indeiKMident  iineuiies,  a?»  the  v>»i.* 
tion  of  the  earth,  the  configuration  of  the  surface,  the  tij.Mtiiluiii^tn  \»l  lan\l  ;u\\| 
water,  the  ocean  currents,  etc. 

Now,  it  is  conceived  that  in  a  n'gion  where  the  ageiirir?»  l\M  u.\uu'\l  aiv  -^iv 
cially  influential,  and  the  influence  of  <lifferential  tenqH^ratun*  i^  ni»l  |mui\ul;ul.\ 
strong,  the  mechanical  factor  an<l  the  va|x>r  togethir  may  U'  d»»nm»ahl.  m\\\ 
as  they  are  fixed  geographically,  the  lyclonie  an^a  aU>  U'lonu.-*  \i\\\\,  \\\n\\i\\\ 
of  moving  with  the  atmosphere,  as  do  the  more  familiar  iNiIouin      It   i^  n^l 
intended,  however,  to  imply  tluit  even  these  an-  not  niea.Nurahlx   de|Hndehl  \»n 
derived  mechanical  energies.     It  is  further  eon<'eivetl  that  in  iIum'  h\r»l  e>elonio 
"lows,"  the  moist  air  of  tin*  great  central  traet   is  ninhaniiallN    loirtd  lo  ii-n' 
at  a  relatively  low  temperature  and  th<»  precipitation  is  heme  I'avoiaMe  in  ^la^ml 
accumulation.     In  a  more   pun*ly  thermal  <  yrlone,   the   n-hituelx    hi^h  de|;rt*e 
of   heat  involved  in  immediaUhj  actuating  the  ryclonie  nti>\rnirhi  h  hhmiiI  |o 
antagonize  glacial  accumulation.     This  eonetpiiun   is  eMmilril   to   the   niovmg 
cyclones  within  the  perman<*nt  <*y<'loni<'  an-a,  and  )n  rh;i|i-^  e\ih  ln-\niul.     It   i» 
to  be  understood  that  this  is  not    estahlishrd    meteorii|n^u>al    iloiiiinr.      l'lir.>«i' 
are  problems,  like  the  n'st  of  this  ennq»le\  of  )>u/./.lrH,  y\  Mwaitni^  tinal  rhui 
dation.     The  sjX'eial  |j<»int  of  appii<ation  here  liiN  (I)  ni  the  laei   that   thi-^  enn 
ci>ption  provides  for  precipitation  with  a  niininiunt  nf  heat   by  ji^Mi^nuiii^  nicciuui 
ical  energy  and  vai>orous  levity  as  the  <ioniinanl  actualui^  ji^cncicn,  and  \'J)  \\\ 
that  it  gives  a  fixed  location  to  the  low  tenqN-ratuie  precipitation  that   fallows. 

Probable  geographic  features  of  the  glacial  %i(k^t.  \\  the  land  extennions 
and  connections  in  the  Southern  lieniisphere  in  the  I'ri-niian  jM'riod  In*  nmde  as 
slight  as  biological  data  permit,  tlu'y  would  prolmbly  at  leant  eonsiitt  of  u  con- 
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I  from  India,  via  Australia  and  the  old  submerged  land,  to  Xew  Zealand, 
ence  to  Antarctica,  and  through  this  to  South  America.  Other  and  more 
rly  connections  between  India  and  South  Africa,  and  between  the  latter 
outh  America,  have  usually  been  postulated.  In  the  minimum  case^ 
3anic  circulation  must  have  been  very  different  from  the  present,  for  the 
3quatorial  currents  from  the  Pacific  that  now  flow  through  the  EEist  Indian 

into  the  Indian  Ocean  must  have  been  turned  back  into  the  Pacific,  con- 
ting  its  heat  there.  At  the  same  time,  two  thirds  of  the  cold  waters  flowing 
the  borders  of  Antarctica,  which  now  largely  pass  south  of  New  Zealand 
le  Southern  Pacific,  must  have  been  arrested  by  the  postulated  New  Zea- 
jitarctican  isthmus  and  turned  northward  into  the  Indian  Ocean.  The 
esult  was  a  concentration  of  warm  water  in  the  Pacific,  and  of  cold  water 
Indian  Ocean. 

3road  Arctic  tongue  of  sea  is  thought  to  have  occupied  eastern  Russia  and 
n  Turkestan  about  this  time.  It  appears  to  have  had  an  open  polar  mouth, 
I  ulterior  connections  in  the  Arctic  regions  are  unknown.  So,  too,  its  con- 
ns toward  the  south  and  east  are  uncertain  at  the  precise  time  of  the  gla- 
i.  It  is  not,  however,  beyond  permissible  hypothesis  to  suppose  that 
rctic  embayment  may  have  been  occupied  by  a  returning  Arctic  current 

Labrador  type.     If  so,  this  tended  to  extend  the  Arctic  low  temperature 
)rward  in  about  the  same  longitude  as  the  Antarctic  movement, 
s  hypothetical  development  of  localized  glacial  conditions. — The    postulated 

of  these  configurations  was  the  concentration  of  large  portions  of 
»lar  currents  in  the  longitude  of  the  glacial  areas,  resulting  in  the  intensi- 
n  of  the  atmospheric  gradients  on  that  side  of  the  sphere,  and  leading  to 
uliar   as\Tnmetry   in   the   atmospheric   circulation.      Hypothetically,   this 

into  play,  in  an  unusual  degree,  the  derivative  mechanical  factors  in  the 
tion,  and  led  to  the  development  of  fixed  cyclonic  areas  in  exceptionally 
titudes.  The  cold  polar  currents  are  assumed  to  have  furnished  to  the 
3  of  the  fixed  "lows,  '^  cool  moist  air,  which,  forced  to  rise  rather  by  mechan- 
ovement  and  aqueous  kinetic  action  than  by  high  temperature,  gave  per- 

prcci pitatio7i  at  sufficiently  low  temperatures   to  promote  glaciation.      Per- 

clouds  and  fogs,  habitual  in  such  situations,  arc  presumed  to  have  shielded 
lacial  surface  by  their  high  reflecting  powers,  and  to  have  become 
tant  auxiliary  agencies. 

emative  views.  —  The  special  problem  of  Permian  glaciation  has  not 
ped  such  voluminous  discussion  as  has  that  of  the  Pleistocene  period, 
"  because  its  verity  has  only  recently  been  established,  and  because  the 
ty  of  glacial  students  are  not  ix^rsonally  familiar  with  its  phenomena. 
nge  of  the  earth's  poles  has  naturally  been  suggested,  since  a  shifting  of 
uth  pole  to  the  center  of  the  Indian  Ocean  would  relieve  the  problem  of 
st  n^fractory  element,  the  location  of  the  glacial  areas  on  the  borders  of 
)pical  zone.  Suc^h  a  shifting,  even  if  we  ignore  the  extremely  serious  dy- 
il  difficulties  involved,  does  little  more  than  mitigate  the  problem  of  locali- 
,  for  if  the  pole  were  placed  equidistant  from  the  three  glacial  centers  in 
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India,  Australia,  and  South  Africa,  it  would  be  farther  away  from  any  one  of 
them  than  is  any  present  center  of  continental  glaciation  from  the  piv^nt  }¥Je«L 
In  most  of  the  ancient  periods,  the  polar  regions  do  not  seem  to  h&w  Ixxmi  afTtH'tcii 
by  glaciation,  but  rather  to  have  been  frequented  by  ferns,  corals,  figs,  and  nv^^ 
nolias.  A  general  climatic  stage  verging  toward  glaciation  and  furnishing  lun 
appropiate  climatic  environment  for  a  regional  concentration  of  frosi^n  |w^ipi« 
tation,  is  prerequisite,  and  this  is  the  primary  problem. 

Local  elevation  has  been  postulated,  but  the  stratigniphic  and  oX\wt  jfSc^^Vofjio 
evidences  do  not  seem  to  support  it.  Marine  beds  are  intorstnitifuHl  in  tlh*  (cfab 
cial  series  without  evidences  of  extraordinary  elevation  ami  intonsititHl  onvikm 
between  their  respective  depositions.  A  case  has  l)ct»n  citot!  in  which  «  bivj^lw 
was  found  standing  on  edge,  as  in  life,  in  clay  among  glacial  Intwlders,  i>ihi*r 
evidences  of  iceberg  deposition  have  been  adduwd,  iniplying  timt  t!h>  i^laoh^ra 
reached  the  sea. 

The  Crollian  hypothesis  *  assigns  this  as  well  as  other  glaciatituis  to  a  tem- 
porary increase  in  the  ellipticity  of  the  earth's  orbit.  If  tht»  fundanuMUal  *\uv* 
ception  is  valid,  ellipticity  might  be  a  cooperating  agency,  but,  as  aln\»^dy 
remarked,  the  general  conditions  that  render  any  nrviil  glaciation  on  lowlaiuU 
possible  would  seem  to  be  a  prerequisite  to  its  effect i\'C!  action.  Tin*  hy|H»ihi*- 
sis  is  virtually  reducible  to  a  change  in  the  distribution  of  licat  U^twtvn  suuv* 
mer  and  ^^^nter,  the  sum  total  of  the  heat  remaining  the  same.  In  tluv^*  |vri\Hl» 
in  which  the  polar  night  was  not  fatal  to  ferns,  figs,  and  inagntUias^  tho  olIipticHi 
variation  could  scarcely  be  effective. 

Among  the  purely  astronomical  hypotheses,  the  ^^lrial)ility  of  ilio  sun*s  lH\it» 
which  is  supported  by  the  recent  observations  of  liiinglcy  '  and  Abln^i,  is  th*> 
most  substantial.  Obviously,  however,  short-jHTiod  ^•a^iations  in  lu»at  omission 
are  inapplicable,  as  the  glacial  epochs  can  scartvly  liiivo  Ixvn  less  in  length  tliaii 
some  few  tens  of  thousands  of  years  each;  and  the  problem  o{  localization,  that 
thorn  in  the  flesh  of  all  hypotheses,  is  left  untouched. 

*  Climate  and  Time. 

'The  solar  constant  and  related  problems.       -Vstrophys.  Jour.   \\t(K\,  pp.  S^W. 
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